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Solvation forces in confined liquids have been studied using the Atomic Force 
Microscope (AFM), principally the effect of temperature, tip shape and trace amounts of 
water in the liquid. 
The effect of temperature on solvation forces have been studied in the liquids OMCTS, n-
hexadecane, and n-dodecanol.  Discrete solvation layers can be observed for all three 
liquids at all the temperatures measured (298K to 348K).  However, with increasing 
temperature there is a significant decrease in the magnitude of the measured solvation 
forces and a reduction in the number of solvation oscillations which can be observed.  
The normalized solvation force data, F/Rtip, has also been found to differ between AFM 
tips of different radius of curvature (Rtip = 15nm to 100nm) with a clear trend of 
decreasing F/Rtip with increasing Rtip.  
The effect of trace water, with the exception of the OMCTS-HOPG system where the 
data is inconclusive and no comment can be made, has been found to cause a decrease in 
the magnitude of the maximum force (Fmax) for each layer, a decrease in the number of 
observable jumps, and a decrease in the exponential decay length in the liquids n-
hexadecane and n-dodecanol. 
 vi 
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Chapter One:  Introduction 
1.1 Motivation 
Understanding of force interactions between two surfaces is of immense importance from 
the fundamental viewpoint of confined materials and practical applications in lubrication, 
adhesion, tribology, coatings and the interactions between colloidal particles[1].  The 
study of the solid-liquid interface has been greatly accelerated over the last quarter of a 
century by the development of the Surface Force Apparatus (SFA) in 1969[13], Scanning 
Tunneling Microscopy (STM) in 1981[14, 15] and Atomic Force Microscopy (AFM) in 
1986[16].  Until then, the study of the atomic structure at the solid-liquid interface had 
been dominated by methods such as modeling, X-ray diffraction, and electron diffraction.  
With the aid of SFA, STM and AFM results, together with detailed computer simulations, 
it is now generally understood that the properties of a liquid close to a surface can be 
quite different from that in the bulk. 
An interesting aspect of the solid-liquid interface is the induced molecular ordering in 
liquids between two solid surfaces immersed in a liquid.  Oscillatory type forces (also 
termed solvation forces) can arise from the variation of the liquid molecular density 
between the surfaces[1] primarily due to geometric packing reasons (see Figure 1.1).  As 
the two surfaces are brought together, the liquids between them may pack, becoming 
more “solid-like”, at separations which are multiples of the molecular diameter of the 
liquid.   




Figure 1.1 Schematic of the structure of a simple liquid confined between two parallel walls.  From Ref. 
[1]. 
Much of the early work in solvation forces were performed using a SFA and a wide range 
of experiments have been conducted since the first reported observation of oscillatory 
solvation forces by Horn and Israelachvili [17] in 1980.  Numerous experiments 
involving a variety of surfaces[1, 18-20], aqueous and non-aqueous liquid 
combinations[21-28] were conducted by Israelachvili and co-workers in the years 
following, and from these experiments, they arrived at the conclusion that oscillatory 
solvation forces[1, 29] were strongly affected by (Issue 1) molecule rigidity, (Issue 2) 
molecule structure, (Issue 3) surface roughness, and (Issue 4) trace water content, but not 
strongly influenced by temperature (Issue 5).   
With the development of the AFM in 1986, it was inevitable similar solvation force 
measurements would be carried out using this new tool.  Pioneering work by O’Shea et 
al.[30] in 1992 revealed the presence of solvation forces even at the nanometer length 
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scales.  Since then, solvation forces involving different liquids and substrates have been 
studied using AFM [31-37].   
Previous AFM work has highlighted the narrowness of the generalizations regarding 
oscillatory solvation forces noted above as Issues 1-5 (See also Section 2.2).  For 
example, in contrast to SFA experiments, it has been shown using AFM that branched 
molecules can exhibit strong solvation layering [35] (Issue 2) and solvation forces can 
still be observed on nominally rough surfaces [37] (Issue 3) because the AFM tip is of the 
same length scale as the roughness (macroscopically rough surfaces in SFA experiments 
will “average out” oscillatory force behavior).   
Thus conclusions derived from SFA experiments may not necessarily be applicable to 
AFM measurements chiefly because of the small contact area of AFM compared to 
SFA[38].  The interacting area in AFM is ~ 106 times smaller than those in SFA, and 
some of the experimental consequences (among many) are; i) The viscous force on a 
spherical particle scales with the square of the particle radius resulting in AFM 
measurements at speeds 104 times greater than SFA while maintaining the same viscous 
force to surface force ratio.[39] ii) The AFM is less susceptible to contamination given 
the smaller interacting surfaces.[39]   
In this Thesis we use AFM to gain further fundamental understanding of oscillatory 
solvation forces.  Specifically, we measure the oscillatory forces between a graphite 
surface and an AFM tip in the presence of simple organic liquids (hexadecane, dodecanol 
and octamethylcyclotetrasiloxane) and study the effect of temperature (Issue 5 above), tip 
shape and trace amounts of water in the liquid (Issue 4 above).   
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In contrast to SFA experiments we find that temperature dramatically changes the 
measured solvation forces in AFM.  The solvation forces themselves are not strongly 
temperature dependent but the small length scale in AFM introduces another mechanism 
into the measurement related to how the liquid squeezes out of the tip-sample gap when 
pressure is applied.  The squeeze out process is thermally activated and gives rise to an 
approximately linear dependence of force with temperature.  This fundamentally kinetic 
approach is a different way of viewing AFM measurements of solvation forces, with 
strong implications on how temperature influences boundary lubrication films.   
There is also a strong influence arising from the presence of trace water on the measured 
solvation forces.  (It should be noted that the experiments use trace amounts of water 
(~100ppm) as distinct from many studies dealing with aqueous solutions or mixtures.)  
The solvation layers are disrupted and the magnitude and range of the oscillatory force 
decreases.  A very interesting observation was that of “positive” adhesion using certain 
combinations of liquids and tip material.  Positive adhesion refers to the phenomena that 
when a tip was in contact with the graphite surface and then withdrawn, the adhesion 
force was repulsive.  This contrasts to the negative, van der Waals adhesion typically 
measured.  This phenomena was thoroughly studied (albeit qualitatively) and we 
hypothesize that on oxide covered AFM tips trace amounts of water can hydrate because 
of the surface hydroxyl groups, giving rise to a repulsive hydration force [1].   
The work on the influence of tip size stemmed from the observation that the magnitude of 
the solvation forces did not scale with the radius of the tip as expected, but became 
smaller.  This is due to an increase in the local roughness, leading to an “averaging out” 
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of the measured oscillatory force.  We concluded that to avoid a systematic error in the 
force measurements, and hence in the measurement of the interaction energy between 
two surfaces, one should always use the tips of the smallest radius of curvature.   
1.2 Thesis Outline 
A literature survey of both theoretical and experimental aspects of solvation forces is 
given in Chapter 2.  This is followed by a description of the experimental methods and 
materials used in this work.  Chapter 4 covers the experimental results attained for our 
study of the temperature dependence of solvation forces and tip shape effects.  Chapter 5 
presents the experimental results obtained for work done to explore the effects of trace 
amounts of water on solvation forces.  Finally, a summary of the research is presented in 
Chapter 6 together with suggestions of future work. 
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Chapter Two:  Literature Survey 
2.1 Solvation Forces 
Oscillatory forces at interfaces were first predicted in 1912 by W.B. Hardy[40].  His 
concept of the surface zone of a liquid, where the surface monomolecular layer affected 
the orientation and properties of the overlying liquid for a few molecular layers, 
contradicted the classical belief that the surface zone is unaltered bulk liquid[41].  In the 
years following, further experimental work continued to suggest that solvent structures 
played a major role in particle interactions.  One example was the x-ray diffraction 
experiments by B.E. Warren[42] which showed that elongated liquid molecules and their 
immediate neighbors mostly lie side by side.  However, the question persisted of how 
large a role the surface or an oriented monolayer of the molecule played.  Even the extent 
to which solvation forces occur and manifestation of their existence was in question. 
In a review paper by J.C. Henniker[41] in 1949, evidence from earlier work on the 
existence of surface orientation was compiled.  Direct evidence (data appearing to 
constitute definite proof) was said to come mainly from x-ray and electron diffraction 
work but compelling results from refractive index, surface viscosity, and adhesion were 
also added.  Other, more circumstantial evidence came from studies of soap films, flow in 
narrow passages, rigidity of water layers, viscosity of organic liquids through clay, and 
density of a water layer on the surface of platinum.  The evidence from the data reviewed 
showed that physical constants of the surface region may differ from those of the bulk 
and that molecular orientation to a certain depth from the surface was observable. 
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At about the same time, seminal research by Henniker, Derjaguin, Landau, Verwey and 
Overbeek developed a theory to explain the aggregation of aqueous dispersions[43-45].  
In this theory, called the DLVO theory, the coagulation of dispersed particles is explained 
by the interplay between two forces:  the attractive van der Waals force and the repulsive 
electrostatic double-layer force.   
 
Figure 2.1 Typical force interaction curves of DLVO theory.  Taken from Ref. [1] 
 
The van der Waals force, which is described by the Lifshitz theory[46, 47] and is 
attractive, is responsible for the coagulation whereas the stability of the dispersion is the 
work of the repulsive electrostatic double-layer force (Figure 2.1).  For large separations, 
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the continuum theories of van der Waals and the electrostatic double-layer are a good 
description of the interaction between two surfaces.  However for small separations, 
closer than 10nm for colloids, unexpected large repulsions often appeared in contrast to 
the DLVO theory which predicts that ultimately an attraction must appear, irrespective of 
the medium in the gap.  This failure of the DLVO theory has been attributed to additional 
short range contributions to the force, mainly the hydration force in aqueous media and 
the more general structural or solvation force.  In this Thesis we are mainly concerned 
with solvation force, although the hydration force is also important when water is present 
in our experiments (see Chapter 5).  
Hints about the exact nature of the structural or solvation force first came from 
simulations and theory [48-57] which showed the constraining effect of two solid 
surfaces can dramatically affect the confined liquid.  When two surfaces are brought 
towards each other at very small separations (nanometer length scales), individual layers 
of molecules are squeezed out of the closing gap.  The variation of the liquid density 
profile between two walls was found to give rise to a decaying oscillatory force acting on 
the walls of a magnitude comparable to the van der Waals interaction [52, 55, 57-59].  As 
these forces are results of the “adsorption” of solvent molecules to solid surfaces, they 
were termed solvation forces[52].  The main conclusion drawn from the work was that 
density fluctuations cause an exponential decay of the oscillatory force, with the 
periodicity of the force corresponding approximately to the thickness of each molecular 
layer (See Figure 1.1).  The density profile was also found to be affected by the 
interactions between the fluid molecules and the walls[48, 60] and this affects the 
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packing density near the walls[48].  In general, the variation of the solvation force with 
wall separation may be oscillatory, monotonic or both. 
 Although there were many theoretical studies devoted to solvation forces, the first 
experimental evidence proof was elusive and came only in 1980 using the Surface Force 
Apparatus[17].   
2.2 Surface Force Apparatus Measurements 
The Surface Force Apparatus (SFA) was developed in 1969 by Tabor and Wintertorn[13] 
as a method to measure the forces in air between two cylindrical sheets of mica, placed at 
90° to each other.  One surface was held rigidly and the other on a light cantilever beam.  
A multiple beam interferometer was used to determine the surface separation to an 
accuracy of ±0.3nm.  A measurement of the magnitude of the van der Waals forces could 
be made for separations ranging from 5 to 30nm.  This was repeated in 1972 by 
Israelachvili and Tabor[61] and both sets of experiments confirmed the Lifshitz theory of 
van der Waals forces.  These experiments, however, were conducted in air. 




Figure 2.2 Schematic of a SFA for use in liquids.  Taken from Ref. [1]. 
 
The first SFA experiment in a liquid environment (see Figure 2.3) was reported in 1978 
by Israelachvili and Adams[62] in aqueous electrolyte solutions.  In their experiments, 
van der Waals and double-layer forces were measured but there was an observation of an 
additional repulsive force.  At large separations (≥ 7.5nm), the measured forces were 
close to that expected from the DLVO theory.  At small separations the forces often 
deviated drastically from theoretical expectations.  Further work was done to measure 
long-range forces between surfaces in polymer solution[63].   
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In 1980, the first results showing oscillatory (or solvation) forces was published[17], 
using the liquid Octamethylcyclotetrasiloxane (OMCTS), [(CH3)2SiO]4 (Figure 2.3).  
Given its large size (molecular diameter ~ 1nm), nearly spherical molecular shape, 
chemical inertness and low polarity[64], OMCTS is close to mimicking a Lennard-Jones 
fluid.  The following general features were concluded from the experiments[2]: 
1. The decaying oscillatory forces were measurable up to about 10nm (ten molecular 
diameters for OMCTS) 
2. The first four or five oscillations were found to have a slightly reduced periodicity 
as compared to the layers further out.  This was attributed the reduced mobility of 
the molecules on the surface, lying with their shorter axes perpendicular to the 
surfaces.  Another possibility was that the spheres closer to the surface packed 
with higher efficiency as compared to those more than 5 layers from the surface. 
3. The peak-to-peak amplitudes were found to decay roughly exponentially with 
distance. 
4. The oscillations do not appear to be sinusoidal closer to the surface but become 
more sinusoidal as the separation distance increased. 
Very similar results were obtained with cyclohexane[2] between mica surfaces and it was 
found that the oscillation periodicity was 0.6±0.1nm, approximately the size of 
cyclohexane molecules. 




Figure 2.3 Experimental results of force F as a function of separation D between two curved mica surfaces 
of radius R = 1 cm separated by OMCTS at 22°C.  Taken from Ref. [2] 
 
The oscillatory nature of the measured forces and the fact that the periodicity of the 
oscillations measured were close to the molecular size of the liquid suggested that the 
liquid molecules were forming layers between the surfaces, with the layers progressively 
becoming more diffused away from each surface.  As expected theoretically [51-57], it is 
energetically favorable for two surfaces to equilibrate at separations which allow an 
integral number of liquid layers.   
In the years following, numerous experiments involving a variety of surfaces (lipid 
monolayers or bilayers[1], metal films[18, 19], polymer films and other macromolecules 
such as proteins[20]), aqueous and non-aqueous liquid combinations (including non-polar 
liquids[21, 22], simple polar liquids[23, 65], hydrogen-bonding liquids[23, 24], aqueous 
electrolyte solutions[25], polymer solutions [26] and a polymer melt[27, 28]) were 
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conducted by Israelachvili and co-workers.  From these experiments, they arrived at the 
following main features of solvation forces[1, 29]:   
1. Rigidity: 
Measurements in liquids of inert, and rigid molecules such as CCl4, benzene, 
toluene, cyclohexane and OMCTS showed the peak-to-peak amplitudes of the 
oscillations decay exponentially (approximate) with distance.  Small flexible 
molecules such as n-hexane and branched chain molecules (e.g., 2,2,4 
trimethylpentane, iso-octane[21]) showed a reduction of the number of observable 
oscillations, possibly due to the existence of highly flexible bonds that rotate 
freely. 
2. Molecular Structure:   
Linear chain alkanes (e.g. n-octane, n-tetradecane) show similar oscillatory 
solvation force laws to those of OMCTS.  Irregular shaped chain molecules with 
side groups or branching were believed not to have any significant molecular 
ordering, and the resulting force law to be monotonic.  One early example was for 
iso-octadecane where a single methyl side-group eliminated the force 
oscillations[66].  However, later molecular dynamics (MD) simulations[35, 67-
70] suggested that oscillatory forces should be present in particular cases and 
subsequently force oscillations in highly branched molecules were indeed 
observed using AFM[35].  Zhu and Granick[71] used a more refined SFA 
method, adopted from Frantz and Salmeron[72], to observe an oscillatory force 
profile using SFA in a branched liquid (squalane) confirming MD predictions and 
resolving the experimental disagreement with simulations.   
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3. Effect of Surface Structure and Roughness: 
The structure of the confining surfaces is as important as the nature of the liquid 
for determining the solvation forces [73-76].  Smooth/unstructured surfaces, 
periodic or crystalline lattices, and mismatched lattices were found to modify the 
oscillatory force.  To summarize, in SFA experiments a roughness of only a few 
Angstroms is enough to eradicate the oscillatory component of a force law.  The 
addition of surface roughness or molecule side chains (item 2 above) leads to a 
lack of long range order and hence an “averaging out” of the oscillatory behavior 
over the whole contact area of the two interacting surfaces.  However, this 
viewpoint may only be restricted to experiments using the SFA.  Recent AFM 
data shows that when one of the confining surfaces (i.e. the tip) is itself of the 
same dimension as the roughness, oscillatory forces may still be observed using 
rough tips[37], on self-assembled monolayers[77, 78] and on lipid bi-layers[79].  
The key point is that the SFA is a technique measuring over at least several square 
microns of contact area and hence local effects, such as roughness, will average 
out the oscillatory solvation forces.  This does not mean that such forces have 
disappeared (!) but simply shows that the length scale of the SFA measurement is 
large.     
4. Effects of Temperature: 
Experimentally[2, 21] and theoretically[80] oscillatory solvation forces were 
found not to be strongly temperature dependent.  From SFA experiments of 
OMCTS on mica[2], minimal changes in the periodicity and range were found 
when raising the temperature from 22°C to 40°C, and the only observable 
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difference was an increase in the net repulsion by approximately 30-50%.  Two 
reasons were given for the observed increase in repulsion with temperature.  The 
first being an enhanced surface deformation and the second being a change in the 
water activity.  The solubility of water in most non-polar liquids is strongly 
temperature dependent[81, 82] and increases two fold going from 20°C to 40°C.  
As a result, water activity is halved, resulting in a drier liquid.  This in turn leads 
to smaller adhesion (see item 5 below) and hence an increase in the observed net 
repulsive force.   
5. Effects of Water / Polar Additives 
The presence of even trace amounts of water was found to have a striking effect 
on the solvation force.  The result was usually a shift of the oscillatory force curve 
to lower, more adhesive, energies (Figure 2.4) 
 
Figure 2.4 Oscillatory solvation force superimposed on a monotonic force.  Taken from Ref. [1] 
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In the early work by Horn and Israelachvili[2] using OMCTS on mica, the peak-
to-peak amplitudes were found increase with more water present, in addition to 
increased adhesion.  The modification of the mica surfaces with CTAB to make 
them hydrophobic yielded similar results.  Christenson and co-workers[22] 
offered a plausible explanation for these effects by suggesting that a bridge of 
water forms between the two surfaces in the contact region, pulling them 
together[83, 84].   
The use of the SFA has not been confined to the measurement of van der Waals and 
solvation forces.  Other studies have been made in the last two decades, looking into 
DLVO interactions, hydrophobic forces, steric repulsions across polymers, etc[85].  An 
important modification to the SFA has been additions which allow the force and 
displacement to be measured in the lateral direction[86], i.e. while the two surfaces are 
sliding with respect to each other.  The intervening liquid influences the sliding motion 
enabling quantitative conclusions to be drawn on the effective shear viscosities, diffusion 
rates and relaxation times of the confined liquid [87-97].  Such studies are important for 
understanding lubrication.  For example, it has been shown that the local viscosity 
increases by several orders of magnitude for simple liquids confined between two 
surfaces[93, 96].  The effective viscosity usually increases as the surfaces become closer 
and can also change between discrete, quantized values because the shear behavior varies 
depending on the number of individual solvation layers confined between the surfaces. 
The study of solvation forces is neither complete nor fully understood.  Some of the 
outstanding issues related to confined fluids are: What is the state of the confined 
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material?; How exactly does the liquid squeeze out of the gap between the surfaces?; 
What are the appropriate length (or volume) and time scales involved in the collective 
motion of the confined molecules?  Through new developments and modifications to 
experimental techniques, sample preparation[98], and higher sensitivity apparatus[99], 
the understanding of solvation forces at the solid-liquid interface are constantly being 
refined using SFA.  Efforts are also underway to combine optical [100] and x-ray 
techniques within an SFA instrument to measure the liquid molecular structure between 
the mica surfaces.   
In this Thesis, fundamental problems in solvation force measurement are studied using 
the atomic force microscope (AFM).  The major difference between AFM and SFA force 
measurements is that the AFM measures over a much smaller length scale.  As we shall 
see, this smaller length scale has strong consequences.  We revisit several of the basic 
findings from SFA listed above, here summarized as (1) rigidity, (2) molecule structure, 
(3) surface roughness, (4) temperature, and (5) trace water.  It has been shown using 
AFM that branched molecules can exhibit strong solvation layering[35] (see item 2) and 
solvation forces can still be observed on nominally rough surfaces[37] (see item 3) 
because the AFM tip is of the same length scale as the roughness.   The new work 
presented in Chapters 4 and 5 studies the effect on solvation forces of temperature (item 
4) and trace water (item 5) using AFM.   
2.3 Atomic Force Microscopy Measurements 
In 1981, Binning, Rohrer, Gerber and Weibel observed vacuum tunneling of electrons 
between a sharp tungsten tip and a platinum sample.  Combining this with the ability to 
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scan the tip over the sample surface (Figure 2.5) led to the birth of the scanning tunneling 
microscope (STM)[101].  The STM allowed surfaces of metals and semiconductors to be 
characterized on an atomic scale, most significantly solving one of the most intriguing 
problems in surface science, the structure of the Si(111)-(7x7) surface[102].   
 
Figure 2.5 Principle of STM.  Taken from Ref. [3]  
The STM led to a broad research effort which has had a significant impact on surface 
science[103]  creating new avenues to image molecules on various surfaces and 
interfaces, such as in catalysis, molecular recognition, charge transport, boundary 
lubrication, etc.  STM studies also began to branch out from the UHV environment to 
include work in air, liquid solutions and within electrochemical cells.  Biologists were 
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keen to determine the structure of biomolecules on solid supports[104].    The first 
reported use of STM within a liquid environment was by Foster et al.[105].   
Despite these successes, the STM has a serious limitation because it uses a tunneling 
current flow for control of the tip-sample separation, thus requiring electrical 
conductivity of the sample material.  In 1986, Binnig, Quate and Gerber[106] 
demonstrated a new type of microscope, the AFM  to overcome this limitation by 
measuring forces on an atomic scale! 
 
Figure 2.6 Principle of a basic AFM.  Taken from Ref. [3] 
The most basic type of AFM is shown in Figure 2.6.  A cantilever beam with a sharp tip 
at the free end is brought into contact with the sample surface using piezoelectric motion 
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control.  As the tip is moved over the surface the cantilever will deflect according to the 
morphology of the surface.  The cantilever deflection can be measured using a laser 
focused onto the free end of the cantilever.  Any movement of the cantilever causes the 
reflected laser light to deflect, resulting in a change in the photodiode signal.  Cantilever 
deflections of order ~0.1Å can be easily measured using this approach.  Lattice resolution 
images of graphite[107] and boron nitride[108] (an insulator) in UHV were reported and 
true atomic resolution (i.e. atom resolution with the presence of atomic defects) of 
KBr(001) in a low-temperature UHV AFM[104].  True atomic resolution imaging in 
liquids was first demonstrated in 1993 when Ohnesorge and Binnig[109] imaged the 
steps of calcite in water.   
The early AFM experiments were all conducted in “contact mode”, i.e. with the tip in 
mechanical contact with the sample.  However, true atomic resolution in contact mode 
can only be achieved on very special tip-sample combinations.  In general, the high 
reactivity of clean surfaces or the finite contact area existing when a tip contacts a surface 
(even at very small loads) negates the use of contact mode AFM for atomic resolution 
imaging on most surfaces.  The “non-contact” modes of AFM operation, in which the tip 
is controlled off the surface, must be used.  The non-contact modes invariably involve 
oscillating the tip or sample and measuring the response of the tip vibration near the 
surface.  The first general approach was demonstrated by Giessibl[110] using a UHV 
AFM and a frequency-modulation (FM) technique pioneered by Albrecht et al.[111] to 
measure the shift in resonance frequency of the vibrating cantilever.  The FM AFM 
method allowed atomic rows on Si(111)-(7x7) and the first clear images of the 7x7 
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reconstruction to be imaged[112].  Atomic-resolution imaging of the Si(111)-(7x7) was 
also shown to be possible[113] using the amplitude modulation technique, in which the 
amplitude of the cantilever resonance is monitored.   
The application of AFM imaging, both contact and non-contact modes, has been 
extensive, and includes fragile LB films, physisorbed and chemisorbed molecules, 
industrial applications such as semiconductor wafers, biological macromolecules, 
polymers, ceramics etc.  Several possible methods for detecting the cantilever motion 
(optical interferometry[114, 115], laser deflection[116], capacitance[117])  and 
microfabricating processes for the cantilever preparation have been coupled with the 
incorporation of the AFM into practically any environment, e.g. liquids, vacuum, low 
temperature.  An AFM has even been on a flight to Mars 
(http://monet.physik.unibas.ch/famars/index.htm) [118, 119].   
Importantly, imaging is not the only use of the AFM.  By measuring the tip-sample force, 
the AFM can study fundamental surface interactions at the atomic scale.  The resolution 
in the force detection is also impressive, with the present limit being around 10-18 N[120].  
A standard AFM can easily measure with a high lateral (~1Å)[121], vertical (~0.1Å) and 
force (~1pN) resolution[122].  In addition, any tip-sample force interaction can be 
measured e.g. magnetic, electrostatic, friction, Casimir, etc.    
The most basic type of force measurement is a “force-distance curve” in which one 
surface is brought towards the other in a controlled manner and the deflection of the 
cantilever measured, giving the force acting normal to the surface.  The first study of 
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force-distance curves using the AFM reported the characterization of surface forces of 
LiF and graphite[123].  The AFM force-curves are entirely similar to a SFA experiment 
as two surfaces are moved together and the force measured, excepting that in AFM one of 
the surfaces (the tip) has very small radius of curvature.  As in SFA, the lateral forces can 
also be measured in AFM by moving the tip parallel to the surface.  This technique is 
termed friction force microscopy (FFM).  Chemical and structural modifications can also 
be made to the surface or the tip to study specific surface interactions.  For example, 
attaching micron-sized spheres to the end of the AFM tip[4] allowed the measurement of 
hydrodynamic force and provides a model for single colloid interactions. Another notable 
example, called Chemical Force Microscopy, is undertaken by attaching particles or 
molecules of specific chemical composition to the AFM tip and investigating how 
specific molecules interact with various surfaces [7, 124, 125].   
It has long been understood in AFM that capillary (or meniscus) forces exerted by thin 
layers of water vapor can dominate all other interactions when making measurements 
under ambient conditions.  Such capillary effects can be eliminated by working in a 
controlled atmosphere, a liquid environment or under vacuum.   
In liquid AFM, once a sample and tip are completely immersed to remove capillary 
effects, an entire range of forces acting between two surfaces becomes accessible for 
study e.g. DLVO, hydrophobic, van der Waals, etc.  Of particular interest for this Thesis 
are solvation forces, which were first observed using liquid AFM in 1992[126].  Force-
distance curves for OMCTS, dodecanol and dodecane confined between a Si3N4 tip and a 
highly-oriented pyrolytic graphite (HOPG) substrate were reported.  In the years that 
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followed, solvation force studies by AFM included short chain alcohols (e.g. Ethanol, 1-
Butanol)[12, 32, 127], long chain alcohols (e.g. octanol, dodecanol)[36], linear 
alkanes[33], branched alkanes[35], water[128] and binary mixtures[129].  In addition to 
HOPG, studies were also done on mica surfaces[32, 36, 127, 128, 130, 131] and 
glass[132].    Experiments have also extended to measuring the damping of the tip as it 
approaches a surface in liquid[37].   The damping can be used to find the effective 
viscosity of the confined liquid near the surface and remarkably it is found that even for a 
tip of only ~14nm radius of curvature the viscosity of the confined fluid can be orders of 
magnitude greater than the bulk liquid value.  The solvation forces for OMCTS, 
hexadecane and dodecanol acting on a Si3N4 tip near HOPG are revisited in this Thesis.  
These liquids exhibit strong solvation layering near HOPG and STM shows that the first 
solvation layer (i.e. the monolayer) of hexadecane or dodecanol forms an ordered, solid-
like molecular lattice at room temperature [133-137].  The new understanding we present 
shows how the solvation force of these well studied systems varies as temperature 
(Chapter 4) and water content (Chapter 5) are changed. 
Finally, although there is a considerable overlap in the force measuring capabilities of the 
AFM and SFA, quantitative measurements of solvation forces using the two techniques 
agree only in the order of magnitude.  This issue is difficult and is briefly explored in this 
Thesis.  The problem of quantification in SFA arises because the scatter in data reported 
from different laboratories is large, even for well controlled experiments.  A recent 
summary of SFA solvation data for a very simple system, OMCTS between two mica 
surfaces, shows variation in peak-peak solvation forces of a factor of ~5[138].  In AFM, 
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the geometry or roughness at the tip apex is unknown at the molecular length scale and 
large uncertainty also exists in the cantilever spring constant from which the force must 
be calculated.  Both effects mean that at present a strong comparison between SFA and 
AFM data is not possible[34].  This is discussed more fully in Chapter 4, where our own 
data on the problem of tip roughness is presented.  We find differences up to a factor of 
~2 between AFM and SFA data for OMCTS and also highlight a systematic variation 
showing decreasing solvation force with increasing tip radius, a fact readily attributed to 
increasing roughness at the tip apex.   
2.4 Computer Simulations 
One way to help experimental interpretation of phenomena occurring at nanometer length 
scales is to use computer simulations.  Simulations and theory have played in a key role 
in the study and understanding of solvation forces.  Such studies have been extensively 
reviewed [139, 140].  Perturbation theory and density-functional descriptions have been 
applied to study simple model fluid systems at equilibrium [48, 141, 142].  Statistical-
mechanical theories of the thermodynamics and solvation structure[143] have been 
developed.  Simulation approaches by molecular-dynamics (MD) and Monte Carlo (MC) 
have explored more complex and realistic systems incorporating loss of symmetry, 
detailed intermolecular interactions and non-spherical molecular structures[80, 144].   
MD and MC results are particularly useful to compare with AFM studies because the 
simulations always model the contact zone on a length scale of nanometers, which is the 
same order as the tip-sample interaction length in AFM.  Early MD studies, employing 
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model mono-atomic liquids, revealed liquid density ordering and variations in transport 
and dynamical properties of the liquid as a function of distance from the interface.[57, 73, 
145-147].  More recent studies have included complex studies of the interplay between 
solvation layering and friction[148], confinement of branched molecules[149], and the 
effect of randomly rough surfaces on solvation[150].  However, some care is necessary as 
some simulation studies have also been known to contradict one another.  For example, 
the tendency for molecules to layer parallel to the confining walls at specific wall-to-wall 
separation has been attributed to the commensurability of the confined molecules [70, 95, 
151] to the substrate.  Other simulations have found commensurability is not a 
requirement[152, 153].  Also, recent MD simulations have found that oscillatory 
solvation forces are still present for branched liquids [154, 155], contrary to earlier MD 
simulations. 
Most simulations model a flat-on-flat surface geometry.  There are a few reports 
modeling geometries closer to that of AFM e.g. a spherical, curved or irregular shaped tip 
approaching a flat surface.  Gelb and Lynden-Bell performed MD calculations on a 
simple model of the AFM system (a smooth sphere near a flat surface), immersed in a 
Lennard-Jones fluid.  The results were strikingly similar to experimental data for AFM 
studies in OMCTS[2].  The study was extended to include the effects of tip-size, the 
strength of the liquid-surface potential, temperature and liquid density[156].  The 
solvation forces scaled linearly with tip radius, as expected.  Decreasing the temperature 
by 400K increased the magnitude of the force oscillations by a factor of ~3, but did not 
significantly affect the periodicity or extent of the forces.  Increasing density (at constant 
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temperature) increased the force oscillation magnitudes and decreased the period, as 
expected for a more densely packed material. 
An important theoretical approach has been pioneered by Persson and co-workers[157].  
They consider how liquid is squeezed from nanometer sized gaps between two smooth 
surfaces, an important problem for lubrication.  Their considerations are directly related 
to solvation force observations in SFA and AFM.  An early paper[158] showed that the 
hydrodynamics involved in removing a liquid solvation layer in SFA is quite complex 
and involves the elastic response of the two surfaces.  Further, two solvation layers 
coexist during the actual squeeze out event because the liquid needs time to be removed 
from the relatively large contact area of the SFA.  This effect was confirmed by 
subsequent SFA experiments[159].  This analytical model[158] was extended to AFM by 
Butt et al.[160] to describe the rupture and subsequent displacement of an adsorbed 
monolayer film by a tip, a phenomena which is entirely similar to the squeezing out of a 
solvation layer in AFM.  The squeeze out phenomena is a thermally driven process and is 
discussed extensively in Chapter 4 where we find the temperature dependence of the 
solvation force data can be described within this theoretical framework.   
2.5 Concluding Remarks  
The foundation of AFM imaging lies in the measurement of the forces interacting 
between the tip and the sample.  An understanding of the forces involved is essential in 
the analysis of images[161] and particularly so in liquids where the force interactions can 
be very complex.  This issue will become more pressing as true atomic resolution AFM 
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in liquids is a very new research area[78].  An interesting but open question is how 
important and ubiquitous are oscillatory forces in AFM imaging in liquids[161].   
Of more immediate interest for this work is the actual measurement of oscillatory 
solvation forces.  With the development of the AFM measurement technique and 
continual advances in SFA technology, combined with simulation and theoretical studies, 
a more comprehensive understanding of the nature of solvation forces has been achieved.  
In this Thesis we use AFM to explore some fundamental understandings of solvation 
forces, principally the effect of temperature, tip shape and trace amounts of water in the 
liquid.  Some conclusions derived from SFA experiments are found not necessarily 
applicable to AFM measurements because of experimental differences between the AFM 
and SFA[38].  A major difference is the interacting area in AFM is ~106 times smaller 
than that employed in SFA.   Also, the atomic shape of the surfaces in AFM is unknown 
and difficult to characterize and this leads to uncertainty in the true tip-sample interaction 
area (see Chapter 4), a problem not encountered by the SFA but certainly of relevance 
given the recent discussion on the effect of nanoscale Pt particles on measured SFA 
data[138].
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Chapter Three:  Experimental Methods 
The foundation of AFM lies in its ability to measure forces at the nanoscale, allowing one 
to map the topography of surfaces and quantify the interacting forces between the tip and 
the sample surface.  The DC (static deflection) mode of operation has been employed in 
this thesis.  A detailed overview of the modes of operation, characterization and 
calibration procedures, modifications made and other supplementary techniques used are 
given in the sections that follow. 
3.1 AFM Techniques 
In AFM, a microfabricated probing tip is attached to (or etched from) a cantilever-type 
spring.  As this probe responds to forces acting between the tip and the sample surface, 
this very flexible cantilever deflects.  This deflection is most commonly measured using 











• Force-Distance Curves 
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A laser reflects off the back of the cantilever and impinges on a split-diode photodetector 
(i.e. a four-segment diode).  The vertical [Z=(A+B)-(C+D)] and lateral [X=(A+C)-
(B+D)] motion of the cantilever can be quantified by summing the signals (See figure 
3.1).  As the AFM tip scans over the sample in a raster pattern (driven by the x and y 
piezoelectrics), the interacting forces between the tip and the surface induces a motion in 
the cantilever and this, in turn, causes a detectable change in the laser path.    The digital 
signal processor (DSP) controls the z position by adjusting the voltages applied to the z-
piezoelectric in order to maintain a fixed force signal.  This is called the constant force 
mode and changes in the z-piezo signal are used to construct the AFM topography image.  
If the feedback gain is set low, the z-piezo response is slow and the cantilever remains at 
“constant height”.  In this mode, AFM images are constructed based on the cantilever 
deflection data.  
Most of the AFM results presented in this work have been obtained using a first 
generation commercial PicoSPM (Molecular Imaging Co., Tempe, Arizona, USA) AFM 
“head” coupled with a commercial RHK SPM100 electronic controller (RHK 
Technology, Troy, Michigan, USA).  The basic experimental setup also includes 
mechanical and acoustic vibration isolation and a computer interface.  A Lakshore 321 
Autotuning Temperature Controller was used together with a high-temperature stage to 
provide temperature control to the sample.  Environmental chambers (standard and 
PicoApex) and a cleanload glove box (Molecular Imaging Co., Tempe, Arizona, USA) 
were used for atmosphere control as required. 
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The STM imaging and conduction AFM work was done using the commercial PicoSPM 
system with the addition of a Keithley picoammeter (Model 6485) and a modification to 
the commercial PicoSPM head for cable connections for conduction AFM.  Given the 
modular nature of this system, one could switch between AFM and STM simply by 
exchanging the cylindrical plug-in module.  More details are provided in the later 
sections of this chapter. 
In the AFM experiments, the Atomic Range PicoAFM scanner is used.  Typical noise 
level specifications provided by the manufacturer are < 0.06Å RMS (vertical) and 0.6Å 
RMS (lateral).  The scan ranges are 0.7µm (vertical) and 1µm (lateral). 
The desired resolution in SPM imaging of <0.1Å vertically and <1.0Å laterally[163] 
requires that noise from environmental sources be <0.01Å (vertical) and 0.1Å (lateral).  
Mechanical vibrations (e.g. building vibrations, components of the microscope itself, 
etc.) form the bulk of this noise.  In the experimental setup, the microscope “head” is 
placed in a PicoIC vibration isolation chamber.  The inner walls of the PicoIC are lined 
with acoustic foam to provide acoustic isolation.  The microscope sits on a heavy block 
(~ 14kg in weight) suspended from the ceiling of the box via four stiff bungee cords to 
provide mechanical vibration isolation.  Additional damping is provided by placing the 
PicoIC on top of a VH IsoStation (Newport Corporation, Irvine, USA).  The inclusion of 
inlet and outlet ports on the feed-through panel at the side of the PicoIC chamber, a 
needle valve, gas flow gauge and temperature monitor allows for the modification of the 
ambient conditions within the chamber.  A separate humidity sensor (Oregon Scientific) 
is placed within the chamber during operation to measure the relative humidity levels. 
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3.1.1 Cantilever Characterization 
The cantilever is a key component in AFM and several requirements are essential, 
namely: 
1. In liquid environments, spring constants of the cantilever should be sufficiently 
small to allow for the measurements of relatively small forces between the probe 
and sample surface. 
2. The resonance frequency (ω0) should be sufficiently high to minimize the effects 
of mechanical vibrations. 
3. Sharp tips with small effective radius of curvature are desired.  The ultimate 
resolution of the AFM is dependent on the shape and sharpness of the probe. 
Early AFM probes were sharpened metal wires or a small piece of diamond attached to 
the end of a cantilever manually shaped from a metal foil or wire[16].  Such methods are 
both time consuming and irreproducible from cantilever to cantilever.  The development 
of microfabrication techniques based on Si technology allowed batch fabrications of 
entire wafers of silicon or silicon nitride cantilevers[164] with integrated tips[165, 166].  
This allowed for a large number of almost identical cantilevers of small size, defined tips 
and spring constant to be produced.  The small size ensures a high resonance frequency. 
Microfabricated cantilevers have a typical tip radius of curvature of 10-20nm and two 
basic geometries, V-shaped or rectangular beam.  Rectangular beam cantilevers are 
preferred when quantitative analysis of the forces acting is required because the 
mechanical response of a rectangular beam can be mathematically solved exactly.  The 
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typical spring constants for Si rectangular beam cantilevers range from 0.01N/m to 
100N/m.  Silicon nitride (Si3N4) cantilevers have a spring constant range of 0.01N/m to 
~1N/m.  In addition, the backside of the cantilevers can be coated with a variety of metals 
(gold, aluminum etc.) to improve the reflectivity signal of the impinging laser. 
Many qualitative properties can be found in the topography and friction imaging data.  
However, in order to gain any insight into understanding tip-sample interactions, the 
cantilever spring constants must be known, i.e. calibrated.  For any calculation, the 
cantilever dimensions and material properties (Young’s modulus, shear modulus, density, 
Poisson’s ratio) are required.  
One calibration method is to use formulae or calculations based on numerical methods.  
These give approximate values at best because it is difficult to obtain an accurate measure 
of the thickness of a cantilever.  Experimental techniques have also been developed in the 
last 15 years to measure the spring constant directly.  These include measurements of 
cantilever deflection or resonance frequency shifts when known masses are attached[167-
169]; measuring the deflection of the cantilever when in contact with a stiffer lever of 
known spring constant[170]; and the thermal noise response of the cantilever[171].   
In this work, the complicated calculation of the spring constants for V-shaped 
cantilevers[172] have been avoided by the use of rectangular cantilevers (Si Nanosensors 
PPP-FMR-50; Si Nanosensors PPP-NCLR-50 and Si3N4 Olympus ORC8-PS-W).  Table 
3.1 shows the typical dimensions and properties of the cantilevers used. 
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Si3N4 69 / 71 0.38 / 0.76 0.8 100 40 / 20 
Si Force Modulation (FM) 45 -115  0.5 - 9.5 3.0 225 28 
Si Non-Contact (NC) 146 - 236 21 - 98 7.0 225 38 
 
Table 3.1 Typical dimensions and properties of cantilevers used in this work 
The simple method suggested by Cleveland et al.[167] has been adopted to determine the 
vertical (z) spring constant kc of the cantilevers.  The fundamental resonance frequency is 
measured in vacuum using a homebuilt vacuum chamber, shown in Figure 3.2a.  The 
cantilever is first mounted on a cantilever holder, which is in turn mounted on a stage 
with a piezoelectric mounted below.  The whole setup is then sealed in the chamber and 
pumped using a turbo pump.  A sinusoidal signal from an EG&G 7265 lock-in amplifier 
is fed to the piezoelectric slab to induce the oscillation of the cantilever at a fixed 
amplitude.  The cantilever motion is picked up using an optical deflection method similar 
to the AFM.  The optical signal is picked by a split-diode photodetector and the current 
signals generated are fed through a current-voltage (I-V) converter and sent back to the 
lock-in amplifier.  The frequency of the voltage applied to the piezoelectric slab is swept 
and computer software plots the RMS magnitude of the cantilever displacement as a 
function of frequency.  Figure 3.2b shows a typical plot of the measurement. 






















Figure 3.2 (a) Homebuilt vacuum chamber for measurement of the fundamental resonance frequency of a 
cantilever. (b) Typical plot of the measurement taken, with the resonance frequency at 15.41 kHz. 
 





















Ewtkc =           (3.2) 
where mtip is the tip mass, mc (=ρcLwt) is the cantilever mass with ρc the material density, 
n is the geometric correction factor (=0.24 for rectangular cantilevers), E is the Young’s 
modulus, L is the cantilever length, w is the cantilever width and t is the cantilever 
thickness.  The physical dimensions of the cantilever (L,w) are obtained by imaging using 
a scanning electron microscope (SEM).  The thickness (t) is calculated by substituting kc 
in Equation 3.1 with the expression of Equation 3.2.  With the values of E, w, t and L 
known, kc can be evaluated using Equation 3.2.  Relatively small effects of inertial and 
damping in air in the calculation of ω0 are ignored and more details can be found in the 
paper by Blom et al.[173] 
However, it must be noted that the errors in kc can be quite large.  Possible sources of 
error arise from: 
1. The physical dimensions of the cantilever, which are difficult to measure 
accurately. 
2. Uncertainty of the elastic moduli and density of the cantilever materials, 
especially for silicon nitride cantilevers as they are produced by chemical vapor 
deposition (CVD).  The CVD process results in an amorphous structure with 
uncertain stoichiometry and stress. 
3. Effect of the reflective coating (if present on the backside of cantilevers) on the 
mechanical properties of the cantilever[174]. 
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3.1.2 Tip Modification 
Although as-purchased tips have been widely used, tip modifications have also been 
developed to modify the properties of the interacting surfaces.  For example, to perform 
conduction AFM, the as-purchased tips can be made conductive by coating the tips with 
metals [175, 176] or heavily doped diamond.  The surface chemistry of the tip surface 
can also be modified through chemical functionalization[177] allowing for chemical 
force microscopy to be carried out.  Physical attachment of beads[178, 179] and carbon 
nanotubes[180, 181] have also been made to alter the physical geometry of the probing 
surface.  In this thesis, tips were modified by deposition of metals and by chemical 
functionalization of colloid particles. 
In experiments where colloid probes were used, the probes have been made by attaching 
silica beads (Duke Scientific Corporation) to Si and Si3N4 cantilevers.  As the presence of 
contaminants and/or surfactants on the surfaces can affect force measurements 
dramatically[182], special care has to be taken to ensure that the silica beads are cleaned 
prior to attachment. 
A technique devised by R. Lim[183] was used to clean the silica spheres, which arrive in 
powder form.  A small amount of the spheres are removed from the bottle and placed in a 
centrifuge vial filled with HPLC grade toluene.  This vial is then partially submerged into 
a beaker of water and ultrasonicated at an elevated temperature (~80°C) for 10 minutes.  
The vial is then removed from the ultrasonic bath and allowed to settle.  This results in 
the settling of the beads at the bottom of the vial, leaving contaminants suspended in 
solution.  Three-quarters of the solvent is then removed and replaced with fresh solvent.  
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The process is repeated for a further 9 cycles.  The final mixture is then agitated to obtain 
an evenly spread mixture and a droplet transferred to a pre-cleaned Si substrate.  The 
substrate is then placed in the oven set at 120°C for approximately 2 hours to evaporate 
the solvent.  All glassware and consumables were cleaned prior to usage to minimize 
contamination. 
 
Figure 3.3 Experimental setup for attaching beads 
Figure 3.3 shows the setup used for the attachment of beads.  A Zeiss Axiovert 25CA 
inverted reflected-light microscope with CCD camera attachment and two Newport M-
460 series (Newport Corporation, Irvine, USA) linear XYZ translation stages with 
micrometer screw gauges for fine control and manipulation were used.  A moisture 
resistant, solvent free, electrically conductive adhesive from Ablestik (National Starch & 
Chemical, New Jersey, USA) was used to attach the bead to the AFM tip.  The adhesive 
was pre-cured at 155°C for approximately 1 minute to increase its viscosity prior to use.  
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Figure 3.4 shows a description of the attachment procedure.  The tip was first coated with 
a layer of adhesive and cured for 1 hour at 155°C to roughen the tip.  Another layer of 
glue is then applied to the tip.  The 100x magnification is used to align the tip with the 
bead covered substrate surface.  The magnification is then changed to 500x to see the fine 
manipulation.  Once a bead has been located, the AFM tip is brought close to the bead.  
The bead is then moved by the AFM tip to break any trace amounts of solvent holding 
the bead to the substrate.  The AFM tip is then withdrawn, in most cases with the bead 
attached.  The newly attached colloid probe is then baked in the oven set at 155°C for a 
few hours to ensure complete curing of the glue.  A microscope is then used to visually 
confirm that the bead is still on the tip after curing prior to usage of the colloid probe.  
The viscosity of the glue and the dryness of the beads play a big role in determining the 











Figure 3.4 Graphic description of the bead attachment process.  (a)  A small quantity of adhesive is applied 
onto a silicon substrate and the tip brought up close to it.  This picture is taken at x100 magnification.  (b)  
Magnification is changed to x500 and the tip is brought closer to the adhesive.  (c)  x500.  The tip is 
partially submerged into the adhesive.  (d) The substrate with the adhesive is removed and replaced by one 
with silica spheres dispersed on them.  A single sphere is chosen visually and the tip is brought up close to 
the sphere.  (e)  x500.  The tip is brought in contact with the sphere.  (f)  x500.  The tip is then withdrawn 
from the Si substrate and the bead is now mounted on the tip.  (g)  SEM image of the tip apex mounted 
with the bead.  Scale bar = 1µm. 
 
Other tip modifications used in this work include the deposition of gold (Au) and 
aluminum (Al) on the AFM tips.  A thermal evaporator (Biemtron Au/Ag/Cr Thermal 
Evaporator) is used for the deposition of Au (99.99% purity).  An adhesive layer of 
Chromium (Cr) is first evaporated onto the tips (typical thickness 2-5nm at 0.2Å/s).  
Thereafter, 35nm of Au is evaporated at 1Å/s.  These thicknesses were found to be the 
most ideal.  If the layer is too thick, the cantilever was found to bend (especially Si3N4 
cantilevers) the optical path out of the range of the photodetector when working in 
(e) (f) 
(g) 
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liquids.  If the layer was too thin, the Au film was non-uniform.  Al deposition was done 
using an Edwards Auto 306 E-Beam Evaporator with similar thickness. 
Chemical functionalization of tips was also done.  Hydrogen-terminated Si tips were 
prepared by dipping Si cantilevers in 7:1 buffered HF solution and subsequently rinsed 
with DI water, blown dry with N2 and used immediately.   
3.1.3 Tip Characterization 
SEM was applied to characterize the size and the shape of the tips.  This is crucial as the 
data interpretation depends largely on the geometry and chemistry of the tip.  The 
magnitude of  solvation force oscillations is known to be affected by surface roughness 
and tip shape[34, 37].  A JEOL JSM6700F Field Emission Scanning Electron Microscope 
(FESEM) is used to image the tips (bare or modified).  In order to avoid charging, a very 
thin layer of carbon (approximately a few nm) is coated on the tips using a turbo carbon 
evaporator (Emitech K950X) prior to SEM imaging.  SEM imaging was only performed 
after AFM experiments to ensure the tip surface is not contaminated by SEM by-
products.  Typical images are shown in Figure 3.5. 
  
Figure 3.5 SEM image of an AFM tip (a) Overall image of tip and cantilever.  (b)  Zoomed in image of the 
tip. 
(a) (b) 
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Tip wear is a major problem in force measurements.  The assumption that the surfaces of 
the tip and sample do not change in the course of an experiment is incorrect as can be 
seen from measured tip radii before and after experiments.  Computer simulations by 
Foster et al.[184] showed a transfer of atoms between the two surfaces is likely as they 
come into contact.  Chung et al.[185] showed that significant structural change of the tips 
occurs during the first approach, even at low forces.  However, there is no technique 
presently available which is able to determine the tip geometry and shape real time during 
the experiment.  As such, quantitative analysis of data is reduced to statistical studies 
where the data is averaged over a large number of measurements using different tips. 
3.1.4 Piezo Calibration 
Ultimately, the deflection of the cantilever and hence the measured force is calculated 
from the piezo movements.  Complications arise due to instrument drift[186] and 
inherent piezoelectric effects such as nonlinearity, hysteresis, creep and varying 
sensitivity with applied voltages[187, 188].  As the distance measured in topographic 
AFM imaging and force measurements depend a lot on the piezoelectric scanner 
calibration, caution must be exercised when determining these parameters. 
There are several techniques currently being practiced that facilitate piezo calibration, for 
example laser interferometry[189], scanning over known surface step heights[190], 
scanning sloped samples[188, 191] and using pre-calibrated piezoelectrics[192]. 
Given the small dimensions of the AFM scanner used in this work, commercial etched 
silicon calibration grids could not be used for accurate calibration.  Instead, highly-
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oriented pyrolytic graphite (HOPG) was used.  With a double step-height of 6.7Å and 
hexagonal lattice periodicity of 2.46Å, accurate calibration could be done by imaging the 
sample with a sharp tip. 
3.1.5 Force Measurements 
Besides using the AFM to obtain topographic data of surfaces, the materials’ properties 
can also be inferred from “force curves”.  Force curves are a measurement of the force 
acting on the tip as a function of tip-sample displacement.  Long range attractive or 
repulsive forces, short range forces, mechanical properties such as adhesion and 
elasticity, and thickness of absorbed layers are examples of data that can be obtained.  
Figure 3.6 shows a schematic of a simple “ideal” force curve and a few types of 
measured force curves[4]. 
 
Figure 3.6  Schematic of how IPSD vs. Z (position sensitive detector current signal vs. piezo position) are 
converted to force vs. distance curves for (a) a simple “ideal” force curve (infinitely hard tip and sample 
without surface forces) (b) Infinitely hard materials with long-range repulsion (c) Deformable materials 
without surface forces (d) deformable materials with attraction and adhesion force.  Taken from Ref. [4]  




A force curve measurement is done under software control.  The controller disengages 
the feedback loop and applies voltages to the z piezoelectric to move the tip over a pre-
determined distance range.  The applied voltages are always linear ramps.  The cantilever 
deflection and any other required parameter (e.g. current, frequency, etc.) is recorded 
with respect to the piezoelectric displacement (Z), and from this the force vs distance 
curve can be found (see below).  One motion of the cantilever to and away from the 
surface is typically referred to as a single approach-retraction cycle.   
In order to obtain the force distance curve, one must convert the raw experimental data.  
Figure 3.7 shows a typical raw data curve and its corresponding converted force-distance 
curve. 










0VVkF c         (3.3) 
where kc is the cantilever spring constant, V is the photodiode output signal, V0 is the 
photodiode signal at large separation (i.e. no deflection), and Ω is the photodiode 
sensitivity (i.e. the output signal per unit deflection of the cantilever), which can be 
obtained by measuring the slope of the deflection signal ( ZV ∆∆ ) when the tip is in hard 






=Ω          (3.4) 
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The distance of actual interest in force curve analysis is the tip-to-sample separation (D).  





VVZZD        (3.5) 
where Z is the piezoelectric displacement and Z0 is the value of Z at V=V0 after hard-wall 
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In this work, discontinuities are usually observed in the force curve data when working in 
liquids.  These arise from solvation forces.  The discontinuity is a result of the tip 
breaking through a solvation layer n and landing on layer n-1.  The periodicity between 
the n and n-1 tip instability is typically the molecular diameter of the liquid molecule 
being studied.  Solvation forces can also be measured without showing any tip instability, 
but this requires the use of very stiff cantilevers (mechanical instability occurs when the 
magnitude of the derivative of an attractive force exceeds the cantilever spring constant).  
However, in static mode measurements, stiff cantilevers are not suitable because the 
deflection sensitivity is very low. 
The force measurement data in this work shall be compared to other AFM and SFA data.  
Due to the difference in the interaction geometries between AFM and SFA experiments, 
the Derjaguin Approximation[193] has been widely used as a method of scaling the 
measured forces obtained by AFM and SFA to enable comparisons to be made.  By 
converting the force between the two surfaces to an energy per unit area, various forms of 
interactions (sphere-sphere, sphere-flat, flat-flat etc.) can be compared, provided the 
range of the interactions and the separation between the surfaces is much less than the 
surface radius of curvature.  The Derjaguin Approximation for a sphere on a flat surface, 
i.e. the AFM geometry, is given by[1] 
)(2)( DWRDF tippi=         (3.6) 
where W(D) is the interaction free energy between two planar surfaces.  For the case of 
two cylinders of radii R1 and R2 that are at an angle θ to each other (i.e. the geometry for 
SFA), the Derjaguin Approximation gives 






)(2)( 21 DWRRDF =        (3.7) 
Typically, R1≈R2 and θ=90° and equations (3.6) and (3.7) are identical, allowing us to 
directly compare the force data of the AFM and SFA by normalizing with the appropriate 
radius (i.e. F/R). 
3.1.6 Conduction AFM 
In conduction AFM (also known as current sensing AFM or C-AFM in short), a 
conducting AFM cantilever is operated in AFM mode.   The cantilever is evaporated with 
Cr/Au to make it conductive (see Section 3.1.2).  The conducting cantilever is mounted 
on an electrically insulated holder.  The cantilever retaining clip contacts the Cr/Au film 
and enables the measurement of the current detected by the tip.  The sample is mounted 
on a standard sample plate.  Electrical shielding of the sample from the rest of the plate is 
done by placing either a small glass slide or a piece of mica under the sample.  A working 
electrode is then connected to the sample by using conductive adhesive.  By applying a 
voltage bias between the sample and the conducting cantilever, a current flow is 
generated.  This current is measured using an external current amplifier (Keithley Model 
6485) sent to the Aux channel of the MI controller as a voltage.  As force curve 
measurements are done, simultaneous values of force and current can be collected.  A 
schematic of the typical setup is shown in Figure 3.8. 















Figure 3.8 Conduction AFM setup. 
The major use of C-AFM in this work has been to verify the establishment of D=0 in the 
force measurements, i.e. the point of tip-surface “contact”.  To give confidence to the 
assignment of D=0, two different approaches have been used.   The first method is to 
image the graphite substrate when the tip is controlling at D=0.  The second method 
involves the use of conduction AFM.  For each conductive tip used, the experiment is 
first conducted in air to determine the current values in air for a particular bias voltage.  
The liquid is then added to the liquid cell and the experiment undertaken.  If the current is 
of the same order of magnitude as those measured in air this provides additional 
confidence that the tip is on the surface. 
3.1.7 Temperature Control 
A high-temperature stage (ambient to 200°C) was employed for the temperature 
experiments in this work.  This sample stage makes use of a wire bobbin mounted on a 
copper plate to provide the heating.  The current passing through the core is controlled by 
R=30kΩ 
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a Lakeshore Model 321 Autotuning Temperature Controller.  A Platinum Resistance 
Temperature Detector (RTD) is built-in on the copper plate and provides a feedback of 
the temperature to the Temperature Controller.  The temperature stability in liquid AFM 
is typically ± 0.1°C.  A simple temperature calibration was done by measuring the 
substrate and liquid temperature at fixed temperature set-points on the temperature 
controller using a thermocouple.  A graphical plot of the result is shown in Figure 3.9.  It 
is seen that there is no large variation in temperature across the liquid cell.  Hence, the 



























Figure 3.9 Graphical plot of the setpoint temperature (Red ▲), substrate temperature (Purple *) and liquid 
temperature (Hexadecane – Blue ■, OMCTS – Yellow ♦, Dodecanol – Green ●). 
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3.2 STM Imaging 
In STM, a sharpened conducting tip with a bias voltage applied between the tip and the 
sample is used.  When the tip is brought within ~1nm of the sample, electrons begin to 
tunnel across the gap.  The tunneling current varies exponentially with the tip-sample 
distance and is used to create an STM image by rastering the tip across the sample 
surface.  Similar to AFM, the tunnel current can be kept constant by adjusting the z 
piezoelectric movement to give a topographic image or the feedback gain can be set low 
such that the variation in current is measured to give a constant height image.  The 
tunneling current varies by an order of magnitude for a ~1Å separation change, and this 
great sensitivity is the underlying reason for the remarkable spatial resolution of STM.  A 
basic requirement for STM operation is that both sample and the tip must be conducting. 
In this work, the Atomic Range Scanner (Molecular Imaging Co., Tempe, Az, USA) 
installed with a low-noise pre-amplifier module is used.  The typical noise level 
specifications provided by the manufacturer are < 0.06Å RMS (vertical) and <0.6Å RMS 
(lateral). 
3.2.1 STM Tip Preparation 
STM tips are prepared from metallic wires by electrochemical etching of W wires in 
0.5M KOH solution or mechanical cutting.  The method of mechanically cutting 
Platinum Iridium (PtIr) tips was preferred because of ease of use and no oxide can form 
on the tip. 
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In the experiments, the quality of the STM tip is first checked by imaging the graphite 
substrate.  Then liquid is added and, if stable, an adsorbed monolayer of ordered liquid 
molecules can be readily observed in constant current mode (see Chapter 4).  
3.3 Materials 
In order to facilitate comparison between AFM and SFA experiments, the materials 
selected are largely similar to those used by various groups in earlier experiments.  















Figure 3.10 Schematic of the molecular structure of the various liquids used. 
In this work, solvation forces were measured in a variety of liquids with varying 
molecular structure.  Figure 3.10 shows a schematic of the molecular structure of the 
various liquids used, namely the spherical molecule octamethylcyclotetrasiloxane 
(OMCTS) (Aldrich Chemical Company), linear alkanes (n-dodecane, n-hexadecane from 
Sigma Aldrich) and primary alcohols (octanol, dodecanol from Fluka).   OMCTS is an 
inert, rigid molecule which is approximately spherical in shape with a major diameter 10-
11Å and a minor diameter 7-8Å[31].  It has been widely studied by SFA and AFM.  
Dodecane (CH3(CH2)10CH3) and hexadecane (CH3(CH2)14CH3) are simple linear alkanes 
with a C12 and C16 backbone respectively.  Octanol (CH3(CH2)7OH) and dodecanol 
(CH3(CH2)11OH) are linear alcohols with a C8 and C12 backbone respectively.  Alkanes 
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are terminated by a CH3 endgroup whereas alcohols have an OH endgroup.  The 
molecular diameter of the linear alkanes and alcohols is ~4.5Å, and both groups of 
molecules form strong solvation layers on graphite. 
3.3.2 Substrate 
Highly Oriented Pyrolytic Graphite (HOPG) is the substrate of choice in this work.  The 
thermodynamic stability, chemical inertness, electrical conductivity and atomic flatness 
of HOPG make it an ideal substrate for many AFM and STM studies.  The HOPG used in 
this work is Grade SPI-2 obtained from SPI Supplies with a mosaic spread angle ~0.8°. 
HOPG is a layered material with 1.42Å carbon-carbon distance in the planar hexagonal 
sheets (the basal plane) and 3.35Å layer-layer separation.  Successive layers are displaced 
by half a lattice constant, i.e. the atoms in one layer lie in the hollows of the hexagons in 
the next.  HOPG is a semimetal due to the overlap of its valence and conduction energy 
levels and the resistivity along the basal plane layer (10-5 Ω.cm) is five orders of 
magnitude higher than that perpendicular to the layers[194, 195].  The forces between 
atoms within the plane are also much stronger than between the planes.  This allows the 
surface to be easily exposed by removing the topmost layer.  This is done by using a 
piece of adhesive tape, pressing onto the surface and pulling it off.  The result is an 
atomically flat, clean surface ready for use in experiments. 




Figure 3.11 4 x 4 nm STM image of HOPG. 
The basal plane image of HOPG by STM has two possible contrasts.  In most cases, the 
image is like a close packed array (see Figure 3.11) with each atom surrounded by six 
nearest neighbors, each 2.46Å apart.  However, C-C distance of 1.42Å can be imaged if 
the probe tip is truly single atom[196].  The bright areas as seen in Figure 3.11 
correspond to regions of increased tunneling current which occur when the tip is 
positioned over an atom.  Due to electronic effects from the atomic plane below the 
surface, only every other atom of the honeycomb lattice is imaged[197, 198]. 
3.4 Miscellaneous Techniques 
In addition to AFM and STM techniques, several other methods were used in this work, 
specifically measurement of trace amounts of water, contact angle, and chemical analysis 
Chapter Three – Experimental Methods 
54 
 
by Fourier Transform Infrared Spectroscopy (FTIR) and Gas Chromatography-Mass 
Spectrometry (GCMS). 
3.4.1 Trace Water Measurement 
Karl Fischer (KF) Titration was used for the analysis of water content contained in the 
liquids used in this work.  The fundamental reaction involved was first described by R.W. 
Bunsen[199]: 
 I2 + SO2 + 2H2O → 2HI + H2SO4      (3.8) 
In 1935, Karl Fischer[200] discovered that reaction (3.8) could be used for water 
determinations in a non-aqueous system containing an excess of sulphur dioxide with 
methanol being a suitable solvent[201].  The KF titration can therefore be described by 
the following reactions: 
 CH3OH + SO2 + RN → [RNH]SO3CH3     (3.9) 
 H2O + I2 + [RNH]SO3CH3 + RN → [RNH]SO4CH3 + 2[RNH]I   (3.10) 
where RN designates the base used. 
The samples to be analyzed are placed in a solvent (in this work, methanol).  The 
automated KF titration system (SCHOTT Titroline Alpha) then dispenses the titrant using 
a burette system.  A double platinum pin immersed in the solvent solution is used to 
recognize the end point of the titration electrochemically.  A voltage is applied between 
the pins and a “no current” flow condition between the pins implies the presence of water 
in the solution, i.e. only iodide is present as shown in reaction 3.10.  As soon as the water 
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is removed in the titration, the solution contains a small iodine surplus, leading to an 
increase of current between the double platinum pin above a defined value.  The system 
then stops and the volume of titrant dispensed is used to calculate the amount of water 
present in the liquid sample. 
Atmospheric humidity is the biggest single cause of error in KF titration.  Moisture can 
enter the sample, titrant and titration cell.  Special care was taken to ensure that minimal 
moisture could enter the titration cell.  All openings were closed and dessicant (mixture 
of 3Å molecular sieves and silica gel) were used where required.  The adsorption 
chamber mounted on the titrant storage bottle was also filled with dessicant.  The titration 
cell was thoroughly rinsed with anhydrous methanol prior to use.  Pretitration was 
conducted immediately after setup of the titration cell until the methanol was “dry”.  
Pretitration was repeated a few hours later before measurements were done as moisture 
on the glass and in the air within the titration cell diffuses only slowly into the analyte.    
The liquid samples were introduced into the titration cell via a septum to minimize 
exposure to atmospheric conditions.  The KF method can measure trace water down to 
~40ppm. 
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Chapter Four: Effects of Temperature and Tip Radius 
4.1 Introduction 
Extensive experimental studies on solvation forces have been done in the last two 
decades using the surface force apparatus (SFA)[1, 2, 21, 91] and the atomic force 
microscope (AFM)[4, 12, 34, 37, 126, 131, 202, 203] at room temperatures.  In this 
Chapter we explore the effect of temperature on the AFM measurement of oscillatory 
solvation forces.  The effect of temperature on oscillatory solvation forces is very little 
studied, presumably because theoretically the temperature dependence is weak.  The first 
experiments were by Christenson and Israelachvili in 1984 with the SFA[204].  Their 
work was done using Octamethylcyclotetrasiloxane (OMCTS) and investigated if the 
layering of liquids near solid surfaces is the result of a surface-induced pre-freezing 
phenomenon.  The temperature range was 14oC to 29oC, with lower temperatures 
achieved by super cooling the OMCTS.  Their results showed that the range and 
magnitude of the solvation forces, within experimental error, is the same above and 
below the melting temperature of OMCTS (17.5oC). They conclude that solvation effects 
are not very temperature sensitive and do not change on going through the liquid melting 
temperature.  This is the only reported SFA experiment explicitly studying temperature 
dependent solvation.   
In AFM measurements, T. Nakada et al.[36] reported a study of ordering of n-alcohols, 
with n=8 to 12 carbon number, on mica and graphite as a function of temperature.  They 
found a strong influence of temperature on the solvation forces on mica because the 
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alcohol layer changes configuration from lying parallel to the substrate to perpendicular 
as the temperature passes through a critical temperature (~40oC for n-decanol).  However, 
for these n-alcohols on graphite, they find both the periodicity and the image of the 
alcohol monolayer remained unchanged in the temperature range of 25ºC to 60ºC, which 
is contradictory to our findings (see below).  We can offer no explanation for this 
discrepancy.  The imaging of adsorbed layers is notoriously difficult and differences in 
the images obtained between different laboratories could arise from different tip and 
sample preparation and the extent of drift in the microscope.  The difference in the force 
curve data, where we observe large and obvious changes in the temperature range 25ºC to 
60ºC, cannot be explained and little data is reported in Reference [14].  As in the situation 
with SFA, this paper[36] is the sole reference explicitly investigating temperature 
dependence of solvation forces with AFM.   
The two experimental studies described above agree with the physical, not chemical, 
origin of the oscillatory solvation force in non-polar fluids[1, 68, 70].  Computer 
simulation studies do find a decrease in the magnitude of the solvation oscillations with 
increasing temperature for both spherical[80] and linear liquid molecules[205].  
However, the expected temperature range over which such changes occur is very large.  
For example, the solvation force reduces by 50% in magnitude for the layer closest to the 
surface over a temperature change of ~280K for OMCTS[80] and ~300K for 
hexadecane[205].  Similarly, Mundy et al.[206] have shown by molecular dynamics that 
the peak-to-peak density profile of the first solvation peak for hexadecane near a graphite 
surfaces decreases by ~ 30 to 40% with an increase in temperature from 250K to 350K.   
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In this Chapter we revisit the issue of temperature dependence of solvation forces 
experimentally using AFM in the simple liquids n-Hexadecane (n-C16H34), n-Dodecanol 
(n-C11H23CH2OH) and OMCTS.  The liquids are confined between the AFM tip and 
atomically smooth, highly oriented pyrolytic graphite (HOPG).  Surprisingly we find a 
very strong temperature dependence of the measured forces over a modest temperature 
range (25oC to 75oC).  This should not be the case for a direct measurement of solvation 
forces, which are only weakly temperature dependent.  It transpires that the AFM 
measurement is actually a convolution, representing not only the presence of liquid 
solvation forces but also how the solvation layers are squeezed out from the tip-sample 
gap.  The latter is a thermally activated process, involving the nucleation of a “hole” in 
the solvation layer prior to squeeze out, with an exponential temperature 
dependence[158].  Such a strong temperature dependence for AFM has many 
implications, not only for the AFM measurement of localized forces in liquids and 
layering near surfaces, but also for practical applications of lubrication and wear because 
large changes in local temperature  invariably occur when frictional forces act at sliding 
asperities[207]. 
4.2 Experimental   
For the experiments, a commercial AFM controller (RHK Technology) and a standard 
deflection-type AFM (Molecular Imaging Co.) is used.  A modified liquid cell, 
completely immersing the cantilever and substrate, is filled with the liquid to be studied.  
The liquids n-hexadecane (anhydrous, 99+%, Sigma Aldrich), n-dodecanol (Fluka) and 
OMCTS (Aldrich Chemical Company Ltd) are used without further purification.  A 
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Lakeshore 321 maintains the temperature of the HOPG substrate and surrounding liquid 
to ± 0.1°C i.e. the experiments are isothermal.  Adjustments must be continuously made 
for thermal drift but with suitable care a single tip can be used for an entire set of 
experiments at different temperatures.  Above ~80oC good AFM control was no longer 
possible because of excessive drift.  Micro-fabricated rectangular Si3N4 cantilevers 
(Olympus) are used with spring constants of 0.39 N/m or 0.76 N/m.  The error in the 
spring constant is not known because of uncertainty in the density and Young’s modulus 
of thin film Si3N4, but all data shown uses cantilevers from the same wafer.   
4.2.1 General Force Curves  
The main data obtained are force curves, which consist of measuring the applied force 
acting on the AFM tip as a function of tip-to-sample separation.  The applied force is 
found from the measured static cantilever deflection multiplied by the cantilever spring 
constant.  The tip-sample separation (D) is found by moving the tip a known distance 
using the piezoelectric drives.  The piezoelectric displacement is converted to tip-sample 
separation by subtracting the displacement of the tip.  The separation D=0 is where the tip 
contacts the HOPG and hard wall repulsion occurs.  We confirmed that the tip contacts 
the HOPG at D=0 by, i) imaging the HOPG lattice directly at similar magnitudes of the 
force in between cycles of the force-distance experiments, and ii) by using conduction 
AFM with Au coated Si3N4 tips to verify that the resistance measured at similar forces in 
the liquids matched the resistance of the HOPG-Au point contact as measured in dry air.   
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Figure 4.1 shows typical force curves obtained in OMCTS and dodecanol.  At large tip-
surface separations the force between the tip and surface is negligible.  At nanometer 
separation of the surfaces, solvation layers (labelled n=1, 2, etc.) are observed for all the 
liquids studied as the tip approaches and retreats from the surface.  On approach the tip 
must exert a force to overcome the repulsive barrier of the confined liquid layers and 
“jump” to the next layer.  The separation between each layer is approximately the width 
of the confined liquid molecule[1, 126].  The force required to rupture a solvation layer 
varies with the logarithm of the approach velocity[208] and therefore the approach and 
retract speed was kept approximately constant for all experiments at ~5 nm/s.   
 




Figure 4.1 Typical force curves near the HOPG surface for (a) OMCTS with Rtip = 40nm, (b) n-dodecanol 
with Rtip = 25nm, and (c) n-dodecanol with Rtip = 100 nm.  The black curve (∆) is for tip approach and the 
red circles (○) for tip retract.  The tip-sample distance D=0 corresponds to the tip in mechanical contact 
with the HOPG.  The label n=1 shows the first solvation layer, n=2 the second layer, etc.  The force F1 is 
the peak-peak force (maximum force minus minimum force) in the n=1 layer. 
 
The tip “jump” between layers is a manifestation of tip instability which arises because 
the cantilever spring constant is smaller than the interaction force gradients.  An infinitely 
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stiff spring would be able to sample the entire force curve with no instabilities; but also 
no detection sensitivity!  The instability does not present a difficulty for dodecanol and 
OMCTS because the entire force curve can be studied with the adhesive part of the force 
curve sampled on retreating the tip.  This is shown as the red curve of Figure 4.1, which 
indicates that the retraction curve also samples the solvation forces. The unexpected and 
profoundly curious positive (!) adhesive forces measured for dodecanol are the subject of 
Chapter 5.  For the analysis the relevant force (see Section 4.2.2.3) is the peak-to-peak 
force of the solvation layer (labelled as Fn for the nth layer), defined as the maximum 
force Fmax (i.e. the force needed to push through to the next layer on approach) minus the 
minimum force Fadh (i.e. the adhesive minimum of a solvation layer measured on 
retraction of the tip).  In hexadecane, the adhesion part of the force curve cannot always 
be reliably measured and this does give rise to some uncertainty.  However, this is not a 
major concern given that the force maximum is typically much larger than the adhesive 
force and the trends in the data are clear.  The errors inherent in the force measurements 
are also large, as discussed in Section 4.2.2.   Finally, we note that in our convention, the 
measured total force (or load) is denoted simply as “F”.   




Rtip ~ 25nm 
 
 
Rtip ~ 40nm 
Figure 4.2 Two examples of SEM images of a Si3N4 tip after use. 
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Scanning Electron Microscopy (SEM) was conducted after each experiment to measure 
the AFM tip radius (Rtip) and typical images of the tip are shown in Figure 4.2.  The 
measurement of Rtip allows normalization of the force data to Fn/Rtip for comparison 
between AFM tips of different radii and also SFA data using the Derjaguin 
approximation[193].  Due to the difference in the interaction geometries between AFM 
and SFA experiments, the Derjaguin approximation is widely used as a method of scaling 
the measured forces obtained by AFM and SFA.  By converting the force between the 
two surfaces to an energy per unit area, various forms of interaction (sphere-sphere, 
sphere-flat, etc.) can be compared easily. For example, the Derjaguin approximation for a 
sphere on a flat surface, i.e. the AFM geometry, is given by[1],  
)(2)( DWRDF tippi=         (4.1) 
where W(D) is the interaction free energy between two planar surfaces.  For the case of 
two cylinders of radii R1 and R2 that are at an angle θ to each other (i.e. the geometry for 




)(2)( 21 DWRRDF =        (4.2) 
Typically, R1≈R2 and θ=90° and Equations 4.1 and 4.2 are identical.  However, as we 
will show in section 4.1.2.2, this approach is at best an estimate because the AFM tip 
geometry is uncertain at the nanometer length scale.   
There are various other experimental concerns which are now addressed in detail.   
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4.2.2 Important caveats regarding the force curve data 
For our discussion on experimental errors, we show in Table 4.1 a typical data set taken 
for one tip (measured Rtip = 20nm) at two temperatures in dodecanol.  Each row provides 
data from a single force curve for the n=1, 2, or 3 solvation layer.  The rows are listed in 
the sequence of the experiments.  The data shown is the maximum force to push through 
the solvation layer [Fmax(n=1,2,3)], the adhesion minima in the solvation layer [Fadh(n= 
1,2,3)] and the maximum force minus the adhesive minima [Fn(n=1,2,3)].  The adhesion 
minima of the HOPG substrate is also shown (Fadh) and this measurement can only be 
found after the tip has pushed through the n=1 solvation layer.  Hence, the HOPG 
adhesion data and the maximum force for the n=1 layer has less data points within an 
experimental set because the tip does not always push through the last solvation layer.   
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T Fmax(1) Fmax(2) Fmax(3) F adh Fadh (1) Fadh (2) Fadh (3) R tip Fn (1) Fn (2) Fn (3)
Deg C nN nN nN nN nN nN nN nm (nN) (nN) (nN)
25 2.71 1.92 1.28 1.10 0.40 20 1.61 1.52
3.46 1.64 0.88 0.52 0.35 20 2.94 1.29
2.99 1.42 1.02 0.36 0.19 20 2.63 1.23
5.80 1.88 1.63 1.37 0.85 0.06 0.24 20 4.95 1.82 1.39
7.31 2.89 2.19 2.97 1.79 1.09 0.88 20 5.52 1.80 1.31
4.27 2.30 1.06 3.29 1.02 0.75 0.45 20 3.25 1.55 0.61
2.85 1.99 2.37 1.11 0.98 20 1.74 1.01
2.51 1.31 1.39 0.70 0.30 20 1.81 1.01
2.31 1.40 1.80 0.83 0.53 20 1.48 0.87
2.39 1.40 0.97 0.97 0.66 20 1.42 0.74
2.29 1.47 1.18 0.53 0.49 20 1.76 0.98
2.06 2.23 1.89 0.94 0.50 20 1.12 1.73
2.52 1.29 0.87 0.69 0.26 20 1.83 1.03
2.16 1.01 0.88 0.62 0.18 20 1.54 0.83
4.75 2.27 1.16 2.10 0.31 0.35 0.05 20 4.44 1.92 1.11
4.88 1.79 1.58 2.04 0.74 0.91 0.56 20 4.14 0.88 1.02
5.07 2.36 1.49 2.46 1.59 1.02 0.67 20 3.48 1.34 0.82
5.52 1.93 0.94 1.24 0.41 0.10 0.14 20 5.11 1.83 0.80
4.43 1.67 0.89 2.39 0.90 0.51 0.25 20 3.53 1.16 0.64
5.49 1.78 0.91 1.56 0.95 0.69 0.30 20 4.54 1.09 0.61
Average 5.28 2.36 1.45 2.16 1.15 0.69 0.42 20 4.33 1.66 1.03
SD error 0.92 0.46 0.40 0.70 0.52 0.32 0.24 0.79 0.49 0.31
45 1.53 0.33 0.30 0.12 -0.01 20 1.41 0.34
1.35 0.31 -0.10 -0.18 -0.27 20 1.53 0.58
1.29 0.26 0.37 -0.06 -0.24 20 1.35 0.50
1.20 0.37 0.33 -0.06 -0.06 20 1.26 0.43
3.83 1.52 0.53 0.85 0.11 0.15 0.06 20 3.72 1.37 0.47
3.73 1.67 0.22 0.27 0.10 -0.03 -0.24 20 3.63 1.70 0.46
1.73 0.41 0.30 -0.04 -0.18 20 1.77 0.59
1.21 0.13 -0.01 -0.28 -0.31 20 1.49 0.44
1.23 0.46 0.55 0.15 -0.07 20 1.08 0.53
1.18 0.31 0.61 -0.13 -0.09 20 1.31 0.40
1.27 0.36 0.53 -0.04 -0.21 20 1.31 0.57
1.45 0.59 0.53 0.13 -0.09 20 1.32 0.68
1.53 0.63 0.72 0.24 -0.12 20 1.29 0.75
4.85 1.98 0.49 1.39 0.25 -0.10 -0.19 20 4.60 2.08 0.68
7.55 3.29 0.87 2.39 -0.14 -0.18 -0.35 20 7.69 3.47 1.22
8.11 3.56 0.68 4.56 0.10 0.10 -0.07 20 8.01 3.46 0.75
8.91 3.72 0.65 2.92 -0.05 -0.01 -0.10 20 8.96 3.73 0.75
5.59 2.18 0.40 1.08 -0.37 0.03 -0.19 20 5.96 2.15 0.59
4.60 1.63 0.48 1.07 0.33 -0.02 -0.19 20 4.27 1.65 0.67
4.34 1.58 0.64 0.99 0.38 0.38 -0.16 20 3.96 1.20 0.80
1.52 1.32 0.08 20 1.44
Average 5.72 1.81 0.46 1.72 0.29 0.01 -0.15 20 5.64 1.78 0.61
SD error 1.96 0.77 0.18 1.34 0.36 0.15 0.10 2.08 0.79 0.20
  
Table 4.1 A summary from a typical experiment.  Each row summarizes a single force curve.  The 
subscripts n=1, 2, and 3 represent the first, second and third solvation layers respectively.  Shown is the 
maximum force to push through a solvation layer (Fmax), the various adhesion minima (Fadh), and the 
maximum force minus the adhesive minima (Fn). 
 
4.2.2.1 Inherent variability of data   
It is readily apparent from Table 4.1 that even with nominally identical experimental 
conditions, the variability within the data is large.  The variability is discussed 
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extensively below and to a great extent arises from our ignorance of what the detailed tip 
geometry is at the atomic length scale.  This is a general problem for AFM[209].  For this 
reason we always emphasis that the results show trends in behavior.  Quantitative data 
can be obtained but the errors are large.   
The magnitudes varied with different tips and over time, and this is attributed to varying 
tip geometries and roughness[37, 210].  The effect of different tips is discussed in Section 
4.2.2.2.  An example of variation over time using the same tip is shown in Table 4.1 by 
the red color data taken at 45oC.  The maximum force to push through layer n=1 onto the 
HOPG substrate (Fmax1) increases by a factor of ~2 and then decreases again as 
successive force curve data are acquired.  In this case it is highly likely the variation is 
not simply statistical but is caused by some physical change in the tip apex because 
Fmax2, Fmax3 and Fadh show a similar trend.  We cannot assume this is simply due to 
momentary changes in the geometry of the tip apex because we cannot image the apex 
(see Section 4.2.2.2).  Conversely, the data shows no trend with time between successive 
force curves (see data highlighted blue in Table 4.1) nor strong correlation between the 
different layers (n=1,2,3) which follow changes in the overall magnitude of the force (e.g. 
Fmax1 may decrease whereas Fmax2 increases between successive force curves).  This type 
of data appears as experimental scatter and, as discussed in Section 4.3, reflects the 
statistical nature of the measurement, which is based on rate theory i.e. there is a 
probability that the tip will push through a solvation layer.  A final point to note is that 
Table 4.1 shows data for a small radius tip (Rtip = 20nm) which provides the most reliable 
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data (see Section 4.2.2.2).  The variability and uncertainty become more pronounced for 
large tips (Rtip > 50nm).   
Given the difficultly in knowing if the data represents a real physical change to the tip 
apex or simple statistical probability, many tips and force curves were measured for each 
liquid.  Many data sets like Table 4.1 make up the graphs that follow in Chapters 4 and 5.  
This approach is essential to enable clear trends to be discerned and to build up a 
statistical basis of the trends e.g. Table 4.1 shows the average and standard deviation of 
the data sets.  It is again apparent that the standard deviations are large, typically around 
20 to 40%; indeed larger than the physical experimental uncertainties such as the 
cantilever spring constant and the piezoelectric tube scanner calibration.  The uncertainty 
tends to be higher for the measured adhesive forces and the n=3 solvation layer because 
the measured forces are smaller.   
The use of statistical approaches and broad trends is perhaps inevitable for systems of 
nanoscale length, such as the tip-sample contact zone in AFM.  One could argue that 
larger tips, such as colloid probes, would help because the measured forces increase and 
the tip shape is “known”.  We now show that increasing the tip size does not resolve the 
problem.  Indeed, increased tip size leads to more uncertainty for the study of solvation 
forces because the tip apex is extremely difficult to characterize at the sub-nanometer 
scale.   
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4.2.2.2 Influence of Tip Size   
The Derjaguin Approximation (Equations 4.1 and 4.2) will hold when the range of the 
force interaction and the separation between the surfaces is much less than the radius of 
curvature of the surfaces.  However, recent work has begun to probe the limits of validity 
of the approximation.  Todd and Eppell[211] used a sharp silicon nitride AFM probe (Rtip 
= 7nm) and varied the range of the force interaction by changing the electrolyte 
concentration of aqueous solutions.  They showed that the approximation matched the 
measured forces when the Debye length was small but overestimated the forces for large 
Debye length.  Thus a breakdown of the approximation was demonstrated and under such 
conditions they recommend using the Surface Element Integration method[210].  It has 
also been demonstrated theoretically[212] that the superposition principle (an analogy of 
the Derjaguin Approximation) can be used to model solvation forces on rough surfaces 
provided the wavelength of the roughness is small.  Rentsch and co-workers[213], using 
colloidal particles, found the approximation to be robust but suggested that a failure of 
the approximation is expected in sharp probe experiments where the tip radius is 
comparable to the interaction range.   
For short range forces, as in this study, the Derjaguin Approximation is expected to be 
valid but one must also consider the tip topography on the measurement.  In earlier AFM 
work, it was shown that very blunt tips (Rtip = 350 nm) can measure the same magnitude 
of solvation forces as ultrasharp tips (Rtip ≈ 14 nm)[37].  The underlying reason is that 
microasperities on the tip dominate the short range interaction and force interactions with 
the macroscopic tip (Rtip) are secondary[214].  Similar observations were made for tips 
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consisting of well characterized and cleaned colloid spheres (Rtip = 10 µm)[34].  Recent 
studies show that nanoscale roughness also influences the adhesion force measured 
between a surface and colloid tips (Rtip = 200 nm to 60 µm)[215, 216].  A decrease in the 
adhesion force with increasing surface roughness (at the < 2nm scale) was found.   
Although it is “well known” that tip roughness and geometry must influence force 
measurements, such influences are little studied in practice.  We show that even for sharp 
tips typically used in AFM (we use 15nm < Rtip ≤ 100 nm) there is a clear trend of 
decreasing normalized force (Fn/Rtip) with increasing tip radius which we hypothesize is 
attributable to increased tip roughness or changes in local tip geometry.  The oscillatory 
solvation force curves in n-hexadecane (n-C16H34), n-dodecanol (n-C11H23CH2OH) and 
OMCTS all show a need for caution in normalization of data for comparison between 
SFA and AFM experiments, at least when measuring short range forces.    
In this set of experiments, at room temperature (~25 ºC), for each liquid at least 5 
different tips were used.  For a given tip and liquid combination, at least 25 force curves 
were taken to account for statistical variations.  The error bars shown in the following 
data for the peak-peak forces are standard deviations for a particular tip in a given liquid.  
The error in Rtip on average is ~ ±8%, which is typically much less than the statistical 
error in the force measurement.  
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Instrument/Reference Rtip Fn/Rtip(mN/m) (1st  layer) Fn/Rtip(mN/m) (2nd layer) 
SFA[2]  1 cm - 14 
SFA[217]  2 cm 19  16  
AFM[34]  19 nm - 10.5 
AFM[34]  26 nm - 13 
AFM[34]  10 µm bead - 1.6 
AFM  [this work]  20 nm 61 ± 10 25 ± 5 
AFM  [this work]  40 nm 48 ± 16 15 ± 4 
AFM  [this work]  60 nm 34 ± 6 10 ± 4 
AFM  [this work]  80 nm 42 ± 13 12 ± 6 
Table 4.2 Comparison of the solvation data for OMCTS taken with surfaces of different radii of curvature. 
 
Table 4.2 and Figures 4.3 and 4.4 summarize the normalized force data Fn/Rtip for 
OMCTS, hexadecane and dodecanol, respectively. Note that, experimentally, we could 
not measure the adhesive minima for the solvation layers in hexadecane (Figure 4.3).  
The Fn/Rtip data tabulated for hexadecane is the maximum force measured (Fmax/Rtip) and 
hence the data underestimates the true Fn/Rtip value (we estimate by ~ 25%).  The 
estimation is obtained by taking the value of Fadh (n=0) and dividing it by the Fmax (n=1).  
This is done for all the different data sets available for hexadecane and the data obtained 
averaged to give us an approximate underestimate.  This can be done because Fadh 
(n=1,2,3) is always less than Fadh (n=0).   
 






Rtip (nm) Fmax /Rtip(mN/m) Ratio of Layer 1 / Layer 2 
1st layer 2nd layer 
15 154 ± 30 59 ± 25 2.6 
30 180 ± 11 86 ± 24 2.1 
36 75 ± 9 25 ± 8 3.0 
45 146 ± 31 60 ± 16 2.4 
50 123 ± 26 41 ± 17 3.0 
55 78 ± 13 30 ± 6 2.6 
80 54 ± 11 19 ± 6 2.8 
 
Figure 4.3 Comparison of AFM solvation data for different tip radii in hexadecane.  The graphs show the 
same data as in the associated Table.  The “ratio” in the Table shows Fn/Rtip for n=1 divided by Fn/Rtip for 
n=2. 















































Rtip (nm) Fn/Rtip(mN/m) Ratio of Layer 1 / Layer 2 
1st layer 2nd layer 
20 216 ± 40 83 ± 24 2.6 
23 221 ± 50 82 ± 46 2.7 
25 210 ± 70 94 ± 20 2.2 
25 166 ± 54 52 ± 25 3.2 
29 186 ± 55 66 ± 25 2.8 
40 107 ± 33 52 ± 15 2.1 
40 91 ± 11 42 ± 9 2.2 
40 93 ± 18 30 ± 11 3.1 
43 85 ± 30 33 ± 10 2.6 
50 98 ± 21 45 ± 17 2.1 
100 70  ± 7 30 ± 5 2.3 




Figure 4.4 Comparison of AFM solvation data for different tip radii in Dodecanol.   The graphs show the 
same data as in the associated Table.  The “ratio” in the Table shows Fn/Rtip for n=1 divided by Fn/Rtip for 
n=2. 
The OMCTS data (Table 4.2) is shown to allow comparison of Fn/Rtip with previous 
work[2, 217].  We observe that Fn/R is of the same magnitude for all data sets.  However, 
there are obvious differences in the detail.  The SFA value for the n=1 layer is much 
lower than the AFM data.  This may result from the incomplete squeeze out of the layer 
but it is difficult to comment further because there is surprisingly little SFA data available 
for the n=1 and n=2 layers to allow for an extensive comparison[138].  Of main interest is 
the clear trend in the AFM data of decreasing Fn/Rtip with increasing tip radius, including 
very low values of Fn/Rtip for the 10µm bead tip.  This trend is more easily observed in 
hexadecane (Figure 4.3) and dodecanol (Figure 4.4) because the solvation forces are 
larger.  Both of these data sets show the trend of decreasing Fn/Rtip for increasing Rtip.  
This is an interesting result because it shows that the Derjaguin Approximation must be 
used with care, and probably only provides an estimate at best of the surface free energy 
when used in AFM experiments.  This holds true for very sharp AFM tips, as used in this 
work, and for colloid tips.  Again, we emphasize that the standard deviation of Fn/R is 
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very large.  Thus large variability is observed and our comments only refer to the trend of 
decreasing Fn/Rtip with increasing Rtip, not absolute values of Fn/R for a given Rtip.   
We hypothesize that the major cause for the failure of the normalization Fn/Rtip is 
variation in nanoscale roughness or geometry at the tip apex.  Increasing roughness leads 
to an “averaging” of the oscillatory forces over the tip area, giving smaller magnitude 
oscillations in the force curve.  Explicit calculations for the solvation force between 
rough surfaces show that for both randomly rough surfaces and surfaces with a discrete 
distribution of surface topology, the amplitude of the oscillatory force will generally 
decrease with increasing roughness[150, 212].  The importance of considering the effect 
of local geometry on surface forces has been demonstrated experimentally for colloid 
probe tips, as noted above for micro-asperities, and in computer simulations[209, 214].  
Changes in the local shape of the tip apex, at the nanometer scale, can also lead to a 
breakdown of the Fn/Rtip scaling.   
Although the above remarks are entirely plausible, at present we have no direct link 
between tip geometry or roughness and the decrease in Fn/Rtip.  Additional, challenging 
experiments are required to measure the tip apex geometry at the sub-nanometer scale by 
blind reconstruction methods[218] without changing the tip topography itself during 
calibration.  However, there are additional observations in our data supporting the 
hypothesis that the tip geometry or roughness are the key factors underlying the 
systematic decrease in Fn/Rtip.  These are:  a) The tip chemistry and material is the same 
in all experiments.  b) Generally, only modest differences are observed in repeated 
measurements using the same tip, as indicated by the magnitude of the error in the peak-
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peak forces.  However, large differences are observed between different tips.  c) There 
are large differences in the hexadecane data (Figure 4.3) for tips which are nominally the 
same radius (compare the data sets for Rtip = 30, 36 nm and Rtip = 50, 55 nm).  However, 
the ratio of Fn/Rtip between the first and second solvation layers is approximately the 
same for all tips, suggesting that it is the local interaction area which is changing.  The 
exact reason for the variability with nominally identical Rtip is not known, but one can 
postulate that the tips could change during the experiments (as shown in Table 4.1; also 
the large differences in the tip radius measured after experiments presumably arise from 
mechanical wear) or the two dimensional SEM image of the tip does not accurately 
reflect the true three dimensional shape of the tip apex.   Also, the presence of 
contamination at the tip apex would lead to variability for nominally identical tips and 
this cannot be ruled out.   
To summarize, we have found that as the tip size increases, nanoscale asperities on the tip 
may dominate the tip-surface interaction.  Thus when the measured force (F) is 
normalized in the typical manner as F/Rtip, erroneous and low values of F/Rtip are 
obtained at larger Rtip values.  For a meaningful quantitative evaluation of short range 
forces in AFM, one should only compare tips of small radius (Rtip < ~30nm).    
4.2.2.3 The relevant forces to consider.   
The question arises as to what force (Fmax or Fn = Fmax-Fads or the total measured force F) 
to analyze as the temperature changes.  As the tip approaches the surface and compresses 
a solvation layer it is the local pressures acting on the confined fluid which determine at 
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what stage the molecules are squeezed out of the gap (a very important point to note is 
that we ignore kinetic effects).  The squeeze out force is also called the rupture 
force[160].  It has been shown[219] that simple elastic continuum models provide an 
excellent description of the mechanics of the tip in contact with a solvation layer.  Figure 
4.5 shows a schematic of a spherical tip in contact with a flat substrate and this basic 
structure forms the starting point of continuum elastic analysis, resulting in various well 
known analytical models of the contact mechanics (e.g. the contact area, stresses, 
deformation) as a function of the applied load.  The important observation to note from 
Figure 4.5 is that there is a pressure / stress distribution across the contact zone.  The 
maximum pressure occurs at the centre and is most simply described by the Hertz model 
(see below).  When adhesion is present, there exists a region of negative pressure (i.e. 
tension) at the periphery of the contact[220].  The tension arises because of the attractive 








Tip Apex  
 
Figure 4.5 Generalized schematic of a spherical tip in contact with a flat substrate (heavy solid lines).  The 
pressure distribution comprises a repulsive, Hertzian contribution (P1) and an adhesive part (P2).  The net 
pressure (dashed line) has tension components around the contact periphery and maximum at the tip apex. 




Typically for AFM measurements one is interested in the following parameters: 
measured force or load (F); adhesion force (Fads); tip-sample contact area (pia2, where “a” 
is the radius of the contact zone); effective elastic modulus (K), which is a combination 
of the tip, liquid and substrate material properties.  These parameters can be interrelated 
using various models and are conveniently shown in a force versus contact radius plot, as 
shown in Figure 4.6.  We now simply define the major models used for AFM.  Extensive 
descriptions can be found elsewhere[124].  In our definition the adhesion (Fads) is 
negative when the tip must be “pulled” off the surface.  





















Figure 4.6 Contact radius as a function of force for the Hertz, DMT and JKR models of an elastic sphere-
flat contact.  Fads is fixed at -1.5 nN. To create this plot the value of (3Rtip/4K) is set to 10-18 m3N-1, which is 
the typical order for AFM experiments. 
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In the Johnson, Kendall and Roberts model (or JKR)[220], one can write the contact 
radius for a spherical tip on a flat as,  









−+−=     (4.3)  











=         (4.4) 
where Ei is the elastic modulus and νι the Poison ratio of material “i”.  The presence of 
adhesion means that even at the minimum force (Fads), just as the tip separates from the 
surface, the tip-sample contact area is finite (see Figure 4.6).   














=         (4.5)  
The contact area falls to zero at zero load (see Figure 4.6).   
Most practical situations involve some adhesion, and measurements using conduction 
AFM[219] show that the Derjaguin-Muller-Toporov (DMT) model[222] is the most 
appropriate for describing the elastic contact within a solvation layer.  The DMT model is 
similar to the Hertz model but incorporates a finite adhesion force as a constant offset to 
the load, giving  
















−=        (4.6) 
Recall that Fads is usually negative.  It is also found[219] that there is very little 
deformation of the solvation layers on compression and it is mainly the change in surface 
contact area (i.e. pia2 in Equation 4.6) that needs to be considered for the solvation 
systems under study in this work.  Therefore we need to analyze the variation of the force 
(F-Fads) which for squeeze out / rupture of the solvation layers equates to the case where 
F=Fmax i.e. the peak-peak force Fn = Fmax – Fads is required.  This can also been readily 
seen from Figure 4.5 for an adhesive contact.  For example, the total external load may be 
zero (i.e. P1=P2) but this does not mean the force acting on a liquid molecule trapped in 
the contact zone is zero.  There is a balance between compressive and tension (adhesive) 
forces averaged over the whole contact.  The molecules at the tip apex may still 
experience considerable compression, which is the driving force for solvation layer 
squeeze out.   
For completeness we note that analytical expressions were developed by Maugis (the 
Maugis-Dugdale or MD model)[223] to describe a general elastic contact between the 
extremes of the JKR model (i.e. adhesive or very soft contacts) and the Hertz model (i.e. 
no adhesion or extremely stiff contacts).  The original MD equations are rather 
















=       (4.7)    
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where a0 is the radius of contact at zero load.  The parameter α is found by fitting 
experimental data, and α =1 corresponds to the JKR model, whereas α =0 gives the DMT 
model.  A simple, empirical approximation within the analysis gives results which are 
within 1% of the MD model over all the range of α[224].  An analysis using the full MD 
approach is not required in this work as α ~0 for the systems studied.   
4.2.2.4 General conclusions regarding the quality of data  
Given the above caveats we consider each data set in detail and, for the analysis and the 
conclusions drawn, i) ignore data taken with tips of radius greater than 50nm; ii) define 
the rupture force for solvation layer “n” as Fn = Fmax – Fads ; iii) related to comment (ii), 
we will concentrate on analysis of Fn for dodecanol because data for Fads is more readily 
available within each solvation layer in comparison with Fads values for OMCTS and 
particularly hexadecane ; iv) ignore force curve data taken with a given tip which clearly 
shows a probable blunting of the tip during experiments (i.e. successively larger forces 
are measured in all the solvation layers) ; v) to address the significant variability in the 
data, we only consider sets of data with ~ 10 reproducible force curves taken with a given 
tip at a given temperature.    
Notwithstanding this reduction in the amount of data available for analysis, we 
unequivocally observe clear trends as the temperature increases, namely i) the measured 
solvation force decreases for each solvation layer; ii) the adhesion force decreases for 
each solvation layer; and iii) these effects are observed for all three liquids studied.  The 
reason for the significant change in solvation force over very limited temperature range 
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(25oC to 75oC), at first very surprising, is based on the thermally activated rupture of the 
solvation layers, as explained in Section 4.4.  
4.3 Experimental Force Curves at Different Temperatures  
Experiments consisted of measuring force curves with a single tip at a set of temperatures 
from 25oC to 75oC.  Measurements were taken starting at 25 ºC for several approach and 
retract cycles.  The temperature was then increased at a rate of 5 ºC / minute and 
subsequent approach and retract cycles were recorded until 75 ºC.  The substrate was then 
cooled down to 25 ºC for a final set of measurements.  Several tips were also used to take 
measurements starting at 75 ºC, then cooling to 25 ºC at the same ramping rate and 
intervals as above.  No distinct difference between the measurements recorded on 
substrate heating and substrate cooling were observed.   




Figure 4.7 Force curves (approach is black, retract is red) near a HOPG surface immersed in hexadecane 
taken at a) 25ºC, b) 45ºC and c) 75ºC with Rtip = 45 nm.  The tip-sample distance D=0Å corresponds to the 
tip in contact with the HOPG. 
 
Figure 4.7 shows a representative force curve for an AFM tip approaching the HOPG 
surface immersed in n-hexadecane at 25, 45 and 75 ºC.  Characteristic solvation “jumps” 
are observed.  The average periodicity is 4.55 ± 0.35 Å at all temperatures and this value 
is in close agreement with the expected hexadecane molecular diameter of 4.5 Å.  The 
experiments were repeated with n-dodecanol (Figure 4.8) and OMCTS (Figure 4.9).  An 
average periodicity of 4.26 ± 0.29 Å and 8.00 ± 0.34 Å were observed for n-dodecanol 
and OMCTS respectively, again in close agreement with their respective molecular 
b) a) 
c) 
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diameters of 4.3 Å and 9 Å.  The magnitude of the solvation force is much smaller in 
OMCTS and consequently this system is more difficult to analyze.  Also note the 
adhesive minima are measured during the retraction cycle (red curve) in the dodecanol 
and OMCTS data.  In hexadecane (Figure 4.7) only the tip-graphite adhesion is observed 
and this example is typical of the problem of sampling the solvation force minima in 
hexadecane.   
 
Figure 4.8 Force curves (approach is black, retract is red) near a HOPG surface immersed in dodecanol 
taken at a) 25ºC, b) 45ºC and c) 75ºC with Rtip = 29 nm.  The tip-sample distance D=0Å corresponds to the 








Figure 4.9 Force curves (approach is black, retract is red) near a HOPG surface immersed in OMCTS 
taken at a) 25ºC, b) 45ºC and c) 55ºC with Rtip = 40 nm.  The tip-sample distance D=0Å corresponds to the 
tip in contact with the HOPG. 
 
Several key observations can be made from Figures 4.7 to 4.9, namely:  
a) Oscillatory solvation forces are observed at all temperatures investigated.   
b) There is a large decrease in the magnitude of the measured solvation forces (within 
each separate layer n=1-3) as the temperature is increased by just 50 K.   
b) a) 
c) 
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c) The effect of temperature is more pronounced on the solvation forces in hexadecane 
and dodecanol compared to OMCTS.   
d) For hexadecane and dodecanol there is a decrease in the number of observable 
solvation “jumps” as the temperature increases.  This may be either a real effect (i.e. the 
outer solvation layers do actually cease to exist) or the outer layers may exist but the 
associated forces are very weak and beyond the detection limit of the AFM.  We cannot 
rule out either possibility at present.  For OMCTS the solvation jumps decrease with 
temperature but less so, suggesting that the ordered nature of the linear molecules on 
HOPG is the underlying reason for the much larger changes observed in these two 
liquids.    
The data in Figures 4.7 to 4.9 show single force curves taken with one tip.  Such data 
must be averaged for an entire series of force curves, as shown in Table 4.1, and the 
outcomes collated for each tip at all temperatures.  The final, refined data is a series of 
Tables such as those listed in Appendix A.  In the remainder of this Chapter, we 
concentrate on presenting data distilled from the Tables and taken with the smallest radii 
tips.  This latter point is to minimize the problem of tip roughness and hence the data 
shown for F/2piRtip provides a good estimate of the magnitude of the interaction energy.   
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Figure 4.10 Temperature dependence of the normalized peak-peak solvation force for OMCTS near a 
HOPG surface for the a) n=1 and b) n=2 layers.  Data is only presented for the smallest radius tips used (R 
= 20nm, R = 40nm).  There is a small but clear decrease in Fn/R with increasing temperature.  The errors 
are large in a relative sense because of the difficulty in measuring the very small forces involved with 
OMCTS layers. 
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Figure 4.11 Temperature dependence of the normalized maximum solvation force for hexadecane near a 
HOPG surface for the a) n=1 and b) n=2 layers.  There is a clear decrease in Fmax/R with increasing 
temperature.  Data is only presented for the smallest radius tips used (R = 15nm, R = 30nm).  Data was also 
taken for the n=3 layer but the forces are very small and only a qualitative statement can be made that Fmax 
decreases with increasing temperature. 
 
The variation of solvation forces with temperature for several data sets is shown for 
OMCTS in Figure 4.10 and for hexadecane in Figure 4.11. The decrease in force with 
increasing temperature is apparent for both liquids, although the OMCTS n=2 layer 
Chapter Four – Effects of Temperature and Tip Radius 
89 
 
results are marginal because of the very small forces involved.  The decrease in force for 
hexadecane is spectacular and the interaction energies (F/2piR)) are much larger than for 
OMCTS for both n=1 and n=2 layers, reflecting the much stronger layering of 
hexadecane on HOPG compared to OMCTS.  Given there is only one data set for 
hexadecane taken with small tips at 45oC, we verified the temperature trend by plotting 
data for all tip sizes in Figure 4.12.  Here, the relative change is plotted with reference to 
the value of Fmax/R at 25oC for each data set.  A large decrease in force with increasing 
temperature is found for all the data.   



























 n=1 layer 
 n=2 layer 
 
Figure 4.12 Temperature dependence of the maximum solvation force Fmax in hexadecane near HOPG.  
The Fmax/R data for different tip radius (Rtip = 15, 30, 36, 45, 50, 52, 55, 80 nm) is normalized to the 
corresponding value of Fmax/R at 25oC.  A clear decrease in Fmax/R with increasing temperature is observed 
for all tips.  The n=2 data falls slightly more rapidly than the n=1 data. 
 
The dodecanol data shows more complex behavior and wide scatter in the data sets 
(Figures 4.13 to 4.16).  For clarity, only some of the error bars are shown (e.g. Figure 
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4.13b) to provide an indication of the error magnitudes involved.  The error bars are large 
and this limitation must always be recalled when interpreting the data.  Nevertheless, 
several results are clear.  The interaction energy (F/2piR) is noticeably higher than for 
hexadecane in both the n=1 and n=2 layers, suggesting that the polar head group has 
added significantly to the intermolecular forces within the alcohol layers.  There is a large 
and obvious decrease in the peak-peak solvation force (Fn) between the data at 25oC and 
that at 75oC (Figures 4.13a, 4.15a, 4.16a).  What is less clear is how Fn evolves between 
these two temperatures because the data at 45oC is ambiguous; some data sets decrease 
whereas others, within error, are constant from 25oC to 45oC.   










 29 nm 














Chapter Four – Effects of Temperature and Tip Radius 
91 
 






















Figure 4.13 a) Temperature dependence of the peak-peak solvation force for dodecanol near a HOPG 
surface for the n=1 layer.  Data is only presented for the smallest radius tips used (R = 20nm to 29nm).  b) 
Two data sets from (a) re-plotted to give an indication of the errors involved.  The R=23nm data is offset by 
1oC to for clarity.  These large errors are typical. 
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Figure 4.14 Temperature dependence of the maximum solvation force and corresponding adhesion force 
for dodecanol near a HOPG surface for the n=1 layer.  The dashed line separates the two data sets.  This 
data is used to find the peak-peak values of Figure 4.13.  Some of the data sets were offset by 1oC to make 
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Figure 4.15 a) Temperature dependence of the peak-peak solvation force for dodecanol near a HOPG 
surface for the n=2 layer.  Data is only presented for the smallest radius tips used (R = 20nm to 29nm).  
Some errors are shown to give an idea of the magnitudes involved.  b) Temperature dependence of the 
maximum solvation force and corresponding adhesion force.  The dashed line separates the two data sets.  
This data is used to find the peak-peak values of (a).  Some of the data sets were offset by 1oC to make the 
data easier to visualize. 
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Figure 4.16 a) Temperature dependence of the peak-peak solvation force for dodecanol near a HOPG 
surface for the n=3 layer.  Data is only presented for the smallest radius tips used (R = 20nm to 29nm).  
Some errors are shown to give an idea of the magnitudes involved.  b) Temperature dependence of the 
maximum solvation force and corresponding adhesion force.  The dashed line separates the two data sets.  
This data is used to find the peak-peak values of (a).  Some of the data sets were offset by 1oC to make the 
data easier to visualize. 
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To understand this problem further, Fn was split into it’s component parts i.e. Fn = Fmax + 
Fads.  The variation of Fmax and Fads with temperature is shown in Figure 4.14 for the n=1 
layer.  We see that the adhesion force at 25oC is significant for only 3 of the data sets 
(●,○,●).  Adhesion is also high for the ▼ set at 25oC but Fmax is so large in this case there 
is little influence on Fn.  It is these 3 particular data sets which show constant or increased 
peak-peak values between 25oC and 45oC in Figure 4.13a.  We believe any increase in Fn 
is a numerical artifact caused by the large experimental errors in both the Fmax and Fads 
data.  Further, as discussed in Chapter 5, the adhesion force in dodecanol is peculiar 
because it is positive, which reflects the presence of trace amounts of water at the tip-
sample contact.  This trace contamination effect on Fads is highly variable and introduces 
additional uncertainty.  In the other 3 data sets of Figure 4.14 (■,,▼) we observe that 
Fads is small and the major change with temperature occurs solely in Fmax.  This effect was 
also seen in earlier sets of data, unfortunately taken with larger tip radii, which show a 
clear decrease in Fmax between 25oC and 45oC with very small adhesion (Figure 4.17b), 
leading to an obvious decrease in the calculated peak-peak force Fn (Figure 4.17a). 
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Figure 4.17 a) Temperature dependence of the peak-peak solvation force for dodecanol near a HOPG 
surface for the n=1 layer.  Data taken in 2005 using larger radius tips (R = 40nm).  b) Temperature 
dependence of the maximum solvation force and corresponding adhesion force.  The dashed line separates 
the two data sets.  This data is used to find the peak-peak values of (a).  The R=42.5nm data set is offset by 
1oC for clarity. 
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The data for the n=2 layer (Figure 4.15) follows an entirely similar trend as for n=1.  This 
is revealing in that it shows the data sets are at least self-consistent.  The data for the n=3 
layer (Figure 4.16) is difficult to interpret quantitatively because the forces are very 
weak, leading to large relative error.  Only the general observation can be made that the 
solvation forces tend to decrease as the temperature increases from 25oC to 75oC.   
Thus to summarize, the hexadecane and OMCTS data show a continuous decrease in 
force from 25oC to 75oC.  For dodecanol, the peak-peak force Fn most likely follows the 
trend in Fmax, showing a continuous decrease in magnitude as the temperature increases 
from 25oC to 75oC.  This interpretation is supported by the results for hexadecane (Figure 
4.11 and 4.12), because hexadecane is a linear molecule which displays very similar 
physical properties when adsorbed on HOPG[225-228].  Nevertheless, we cannot 
unambiguously rule out that Fn is constant or has minimal change between 25oC and 45oC 
in dodecanol.   
4.4 Discussion: Physical Basis of Temperature Dependent Observations  
We now discuss the mechanism giving rise to the large changes in force with temperature 
and conclude that the most plausible, consistent mechanism is that of a thermally 
activated squeeze out of the layers.  A second possibility, to explain the more 
complicated behavior of the dodecanol data, is that of a phase change (specifically 
melting) occurring in the solvation layers.  This mechanism appears less probable, 
although further experiments are required to entirely exclude from consideration.   
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4.4.1 Large Temperature Change is not due to Density  
One might conclude that solvation forces show strong temperature dependence but as 
noted in Section 4.1 this is not consistent with the nature of the solvation force.  Over a 
50K temperature range computer simulations show the solvation forces should decrease 
in magnitude by ~8% for OMCTS[80, 205] up to ~18% for hexadecane[206].  The 
magnitude change matches values expected from very basic considerations.  Specifically, 
the solvation force scales as the square of the number density of molecules (ρmol) between 
the confining surfaces[1].  If we crudely assume the temperature dependence of ρmol is 
the same as that of the bulk liquid density  ρ(T) then the change in solvation force (∆Fn) 










        (4.8)  
Table 4.3 shows that the change in density with temperature for the three liquids studied.  
The percentage change in density is 4% to 5%, giving a decrease in force ∆Fn/Fn with 
temperature of ~10% or less.  This decrease is far too small to explain the AFM data.  
Experimentally we observe a decrease in Fn (n=1 or 2) over a 50K temperature change of 
~ 30% for OMCTS and ~60% for hexadecane and dodecanol.  
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25 0.773 18   54.4 [230] 





25 0.831 24  For the monolayer 67 [228]  
For the 2nd layer 30   45 0.817 








Table 4.3  Density and melting temperature at atmospheric pressure of the three liquids used.  The liquids 
hexadecane and dodecanol are known to form ordered adsorption layers near a HOPG surface and these 
layers melt at temperatures considerably higher than the bulk, typically ~10% higher for the monolayer.  
The melting temperatures of molecular layers can be measured using differential scanning calorimetry and 
representative data from the literature is shown for hexadecane and dodecanol. 
4.4.2 Monolayer melting  
The reason for describing in detail the changes in temperature dependence for dodecanol 
in Section 4.3 is that this may be a signature of monolayer melting. Linear molecules, 
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such as hexadecane and dodecanol, strongly adsorb on the basal plane of HOPG.  At 
25oC the monolayer (i.e. n=1) of both hexadecane and dodecanol forms into ordered 
lamellar domains across the entire surface[227, 234].  The layers are sufficiently robust 
(i.e. solid-like) that they can be readily imaged using STM (Figure 4.18a) or with more 
difficultly using AFM (Figure 4.18b).  The hexadecane and dodecanol molecules align 
themselves parallel to the graphite surface and the particular domain pattern formed 
depends on the molecular structure. 
        
Figure 4.18  a) STM image of the dodecanol monolayer (n=1) on HOPG.  Image size 15nm x 15nm.  STM 
image conditions 20pA, 0.5V.  b) AFM image the hexadecane monolayer on HOPG.  Image size 15nm x 
15nm.[5] 
 
The solid-like nature of the hexadecane and dodecanol monolayers at 25oC is confirmed 
by differential scanning calorimetry (DSC) and neutron scattering of organic liquids 
adsorbed on powdered graphite[225, 228, 230, 235].  At 25oC the monolayer (a 2D solid) 
is co-existing with the bulk liquid.  On heating, the monolayer undergoes an order-
a) b) 
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disorder phase transition from the ordered, solid layer to an adsorbed layer showing no 
order i.e. liquid-like.  Not surprisingly this transition is termed monolayer melting and the 
DSC data provides the monolayer melting temperature (Tm), which is typically 10% 
higher than the bulk liquid melting temperature [49].  For hexadecane Tm ≈ 57oC and for 
dodecanol Tm = 67oC (see Table 4.3).  Ordered monolayers of linear alkanes cannot be 
imaged using STM at temperatures above Tm[5], confirming the DSC interpretation that a 
melting transition occurs.   
For the second solvation layer on HOPG (n=2) no STM or AFM images have been 
reported for any short-chain linear molecule, such as hexadecane and dodecanol.  
Attempts have also been made in our laboratory with no success.  The only reported STM 
images of a n=2 layer on HOPG are for C16H74 , a very long chain alkane[236].  One 
reason for this is that DSC shows that the n=2 layer melts just a few degrees above the 
bulk liquid temperature for both hexadecane[231] and dodecanol[228].  Thus it is not 
unexpected that images of ordered domains within the n=2 layer are difficult to obtain.   
A basic question arises from the above considerations, namely; “Does the decrease in the 
oscillatory force Fn with increasing temperature occur as the layer becomes “easier” to 
push through because the state of the confined material has changed from an ordered 
state (i.e. solid) at low temperature to a disordered state (i.e. liquid-like) at high 
temperature?”.  For hexadecane the answer is clearly no.  We observe no significant shift 
in the n=1 or n=2 solvation force behavior (Figures 4.11 and 4.12) above and below the 
monolayer melting temperature (57oC).  This leads us to believe that the ordered-
disordered phase transition does not affect solvation forces for the linear alkanes.  
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Figure 4.19 Temperature dependence of the peak-peak solvation force Fn in a) OMCTS (n=1,2), and b) 
dodecanol (n=1,2,3).  The Fn/R data for different tip radius is normalized to the corresponding value of 
Fn/R at 25oC (Rtip = 20 and 40nm for OMCTS;  Rtip = 20, 20, 23, 25, 25, 29, 40, 42.5nm for dodecanol).  
The “n=1 yr 2005” is a data set taken with dodecanol from a different bottle.  The circled data is from 1 
single tip (Rtip=20nm) which shows atypical behavior. 
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For this discussion we are only interested in the relative change in Fn with temperature, 
and hence we have plotted in Figure 4.19 the OMCTS (a) and dodecanol (b) Fn/R data for 
different tip radius normalized to the corresponding value of Fn/R at 25oC.  OMCTS is 
not known to form any ordered phase on HOPG and should act as a model hard-sphere, 
fluid-like layer.  Since the OMCTS data (Figure 4.19a) still shows a strong change in Fn 
with temperature, this again suggests that ordering, if any, only plays a small role in the 
observed phenomena.     
Figure 4.19b shows the normalized data for dodecanol, with the wide scatter readily 
apparent.  The circled data is from a single tip (Rtip=20nm) and shows very atypical 
behavior.  If this single data set is ignored we can make the following general 
observations.  For the n=1 layer and n=2 layer, there is a slight decrease or no change in 
Fn/R as the temperature increases from 25oC to 45oC, and then a sharp drop to 75oC.  This 
could suggest that the sharp decrease in Fn/R occurred because the monolayer melting 
temperature (67oC) was crossed.  However, there is an inconsistency because the melting 
temperature for the n=2 layer is 30oC[228] yet this layer shows the same temperature 
dependence as for n=1.  Thus it is difficult to invoke a layer melting mechanism for the 
decrease in Fn/R with temperature unless, i) the structure of the n=2 layer is also modified 
on melting of the n=1 layer, or ii) the melting temperature for the n=2 layer is higher than 
45oC because, unlike the DSC experiments on free (powder) surfaces[228], the liquid is 
confined between two surfaces.  Neither of these two conjectures have any experimental 
or theoretical support.   
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The “n=1 yr 2005” data in Figure 4.19b shows older results of the n=1 layer taken in 
2005 using dodecanol from a different bottle than the more recent “n=1” set.  The trend 
in the older data differs from the more recent results.  In particular, there is a clear 
decrease in Fn/R as the temperature increases from 25oC to 45oC.  We believe this 
discrepancy reflects changes in trace water content, as discussed in Chapter 5.  One could 
argue that trace water disrupts the order within the monolayer, leading to a decrease in Tm 
or to the entire fluidization of the layer.  However, this is entirely speculation as STM 
images of water saturated dodecanol show no obvious change in the monolayer domains.  
A similar argument could be made for the n=3 layer (Figure 4.19b), which follows the 
same trend as the older “n=1 yr 2005” results.  There is a decrease in Fn/R when the 
temperature changes from 25oC to 45oC and then little change to 75oC.  Within the 
context of monolayer melting, one could argue that the decrease between 25oCand 45oC 
is a consequence of the n=3 layer being more liquid-like than the n=1 and n=2 layers.   
To summarize, we cannot rule out that the large temperature decrease with increasing 
temperature in dodecanol is due to a change in the material state of the confined layers 
from solid to liquid-like.  However, this mechanism appears far less likely than the 
squeeze out model (see Section 4.4.3) because there are many inconsistencies, including: 
i) Why would Fn for OMCTS decrease with temperature?  OMCTS does not 
form ordered layers at these temperatures.   
ii) Why does hexadecane decrease continuously yet dodecanol does not?  Both 
liquids consist of linear, short chain molecules which form similar ordered 
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layers on HOPG at 25oC with about the same bulk (~20oC) and monolayer 
melting temperatures (~60oC).   
iii) Why would the data for the n=2 layer behave similarly to the n=1 layer for 
dodecanol?  The n=2 layer melting temperature is 30oC.  If melting is the 
major driving force for changing Fn with temperature, then we should observe 
a large decrease in Fn for n=2 between 25oC and 45oC (Figure 4.19b) which is 
not the case.   
Our suspicion is that some experimental uncertainty, as yet of unknown origin, is 
skewing the dodecanol data at 25oC.  The 25oC data sets have the largest (positive) 
adhesion and large adhesion appears to give rise to the large variation seen in the 
calculated value of Fn.  Positive adhesion is also an indication that contamination (trace 
water) is present and this changes the adhesion in a highly variable manner (see Chapter 
5).  The effect was highlighted by the results for dodecanol taken from different bottles 
(Figure 4.19b) which showed qualitatively different trends for the n=1 layer.  A final 
uncertainty for the dodecanol data taken at 25oC is the experiments are undertaken very 
close to the bulk liquid melting temperature (~24oC).  Perhaps some unknown critical 
phenomena is occurring so close to the phase transition.   
4.4.3 Squeeze Out of the Confined Liquid : The Preferred Mechanism  
When two solid surfaces approach each other in a liquid, the confined liquid must be 
displaced or squeezed out of the gap between the surfaces.  The squeeze out of bulk 
liquid is modelled from a hydrodynamic perspective but for solvation layers the 
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phenomena can also be considered as the rupture of a thin film[158, 160] because the 
layers are ordered and a layer is removed as a single entity during the squeeze out.  The 
pressure required to squeeze out the liquid (either bulk or confined) depends on the liquid 
properties, the surface approach speeds and the temperature[157].  A squeeze out 
mechanism is our preferred model to describe the temperature dependence of Fn because, 
i) computer simulations[6, 157, 207, 237] show similar temperature dependence, ii) 
analytical theory[160, 238] predicts that to first order the change in force is proportional 
to temperature (Fn ~ T), which is observed for the OMCTS (Figures 4.10a, 4.19a) and 
hexadecane (Figures 4.11, 4.12) data sets, and iii) the change in force with temperature 
can be sufficiently large so as to match the experimental data.   
Persson and Tosatti[158] first proposed a nucleation model to describe the squeeze out of 
highly confined fluids, such as solvation layers.  The theory assumes that a small hole is 
formed in a fluid layer by density fluctuations and the probability of a hole of radius Rh 
forming is proportional to the Boltzmann factor TkRU Bhe )(− , where U(Rh) is the total free 
energy, T is the temperature and kB is the Boltzmann constant.  Once the hole exceeds a 
critical size, it spreads quickly across the contact area, the film layer ruptures, and the tip 
comes into contact with the surface below.  The key point for our discussion is the 
squeeze out process is strongly temperature dependent (or in different wording, the 
rupture or removal of the thin film is an activated process).  As the temperature rises, the 
activation barrier for hole nucleation decreases and for a fixed tip-sample approach speed 
the tip can penetrate to the next solvation layer at a lower applied force.  This general 
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behavior describes all our results excepting the low temperature (25oC, 45oC) data for 
dodecanol.   
Following the initial analytical approach, Persson et al. have undertaken many computer 
simulations of the squeeze out of molecules confined between two surfaces[6, 157, 237].  
Although the surface approach speeds in the simulations (0.03 to ~1m/s) are much faster 
than in the AFM experiments (~10nm/s), the general conclusions they find are relevant 
and clearly match the trends observed in our AFM data.   
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Figure 4.20 Simulation results at two temperatures of the average pressure between two blocks with Xenon 
confined in between[6].  The two blocks move towards each other starting at distance d=0 where ~4 Xe 
monolayers are confined.  The discontinuities show sudden removal of a lubrication layer.  In this 
simulation the lubricant layers are not strongly pinned to the substrate, a situation similar to our 
experiments using a HOPG surface. 
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Their first reported temperature dependent simulation[6] was a study of the relation 
between molecular commensurability and squeeze out using liquid Xenon confined 
between two hard sphere walls.  Three different situations, dependent of the relation 
between the trapped liquid layer and the underlying substrate, were identified (an 
incommensurate unpinned layer, an incommensurate pinned layer, and a commensurate 
layer).  Pinned refers to a strong substrate-layer interaction whereas the unpinned case 
has negligible substrate-layer interaction.  The unpinned incommensurate case represents 
our experiments because for alkane and alcohol monolayers on graphite the interaction 
between molecules is much stronger than the interaction with the substrate[226].  An 
example of the simulation of the unpinned incommensurate case is shown in Figure 4.20.  
The pressure between the surfaces shows abrupt drops as the surfaces are pushed 
together.  The pressure drops correspond to the transition between solvation layers, with 
the least tightly bound Xe layer being squeezed out of the contact zone.  The simulations 
match the general appearance of an AFM force curve remarkable well and show the 
layering transitions occur at lower pressure (i.e. lower force) as the temperature is raised 
from 50K to 300K.   




Figure 4.21 Simulated results of the pressure required to squeeze out the last layer of confined butane and 
iso-butane as a function of temperature [207].  The results at low temperature (<280K) have large errors 
because the simulation becomes increasingly difficult.  Note the approach velocity is 0.03 m/s, about 6 
orders higher than a typical AFM experiment.    
 
The temperature dependence of the squeeze out force was shown explicitly in a later 
simulation of direct relevance to our study; the squeeze out of the linear alkanes butane 
and iso-butane[207].  The simulations show a linear decrease of squeeze out pressure 
with temperature (Figure 4.21).  An approximately linear decrease is also observed in our 
AFM experiments for OMCTS and hexadecane (Figures 4.10, 4.11).  The simulated 
squeeze out pressure for the n=1 butane or isobutane layer decreases from ~270MPa at 
280K to ~210MPa at 350K i.e. a decrease of 22% over 70K.  Our AFM data shows 
decreases of ~60% for hexadecane over a temperature range of 50K.  We can only expect 
such modest agreement between simulation and experiment because of the different 
Chapter Four – Effects of Temperature and Tip Radius 
110 
 
molecules involved and the fact that the computer simulations model the approach of the 
two surfaces at speeds much faster than typical AFM experiments.   
The approach speed is a critical parameter because the squeeze out is an activated 
process[160, 238].  Indeed, an alternative viewpoint of the same phenomena is that if the 
temperature were fixed and the tip-sample approach speed decreased, then the force 
required to squeeze out a given layer would also decrease.  This is because the number of 
attempts for the tip to overcome the activation barrier increases, thus increasing the 
probability at a fixed force that a hole will nucleate. This rate varying case has been 
thoroughly investigated by Butt and co-workers both experimentally[208] and using an 
analytical model[160].  An interesting experimental point is that varying the temperature, 
as in our work, can provide much larger changes in the measured squeeze out forces (i.e. 
improved sensitivity) compared with variation of the tip-sample approach speed[208].  
This arises from the experimental difficulty of varying the approach speed over a 
sufficiently wide range because Fn only varies as the logarithm of the approach velocity.  
However, the variable temperature approach suffers from the problem of the tip condition 
changing because of the long duration of the experiments, whereas the variable rate 
method can produce data under essentially invariant tip condition.   
The measurement of the variation of force with approach velocity at constant 
temperature[160, 238] is the most common method in the AFM community to study 
thermally activated phenomena.  The rate equations can be rearranged to yield the 
variation of force with temperature at constant velocity (see Section 4.5).  The main result 
is that the force required to squeeze out (rupture) a solvation layer varies with 
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temperature as Fn ~ T.ln(T).  That is, the squeeze out force decreases approximately 
linearly with increasing temperature.  The Fn data for OMCTS and hexadecane (Figures 
4.19b, 4.12) indeed show a linear dependence with temperature as expected for squeeze 
out.   
4.5 Analytical Model of Temperature Dependent Squeeze Out 
The starting point for analysis is to recognize that the problem of understanding the 
temperature dependence of the solvation force data is entirely similar to the many AFM 
studies measuring the energy landscape present in single molecule bonding[7, 11, 239-
241].  These studies, variously called Chemical Force Microscopy (CFM) or Dynamic 
Force Spectroscopy (DFS), involve pulling a tip, usually functionalized with a coating of 
molecules, off a surface and measuring the adhesion force.  This research was initiated 
quite early in the history of AFM[242, 243] but it was some time before the implications 
and meaning of the results were understood[244], in that the adhesion data does not 
represent a measure of a single well defined energy but is best understood in terms of the 
reaction rates between bound (i.e. adhered on the surface) and unbound (off the surface) 
states.  The force required to rupture the adhesive bond is, except for extremely slow 
force curves or the use of very stiff levers, a thermally driven process.  The resulting 
measured forces thus show a strong dependence on the speed (i.e. loading rate) of the tip-
sample approach and are stochastic (statistical) in nature; faster speeds result in a stronger 
measured pull off force and there is no singular adhesive pull off force expected but a 
range of forces will be measured because the system is governed by the kinetics.  The 
Chapter Four – Effects of Temperature and Tip Radius 
112 
 
CFM approach to measure the interaction energy landscape for single molecule bonding 
has been extensively reviewed [7, 239, 240].   
We do not have sufficient experimental details to decide on the best model to use. 
However, simple rate theory for the thermal transition between two states always gives 
the same temperature dependence of force (F ~ T.lnT) to first order.  Thus, in our study 
we do not propose any new formal approach but re-arrange the rate equations used in 
CFM to highlight the temperature dependent components.  We believe this procedure is 
valid because the rupture or pull off from a solvation layer entirely resembles the 
transition of the tip from an adhesive minima, both requiring the rupture of a tip-sample 
“bond” into a new energy state.  In our case the separate solvation layers provide distinct 
energy states for the tip to traverse as the tip-sample distance changes.  Application of 
transition rate theory to describe the kinetics and associated energy barriers for the tip to 
overcome to allow rupture and “jump” between the solvation layers appears very 
plausible.  The resulting linear response of solvation force with temperature also fits MD 
squeeze out simulation data [207] which further supports that rate theory is the correct 
mechanistic approach.  Finally, the statistical approach inherent in a rate theory was 
successfully demonstrated by Cleveland et al. [245] to reconstruct solvation force curves 
when a stiff cantilever was held at a fixed tip-surface separation.   
A rate theory approach was adopted by Butt and Franz [160] to describe the rupture of 
lipid layers and solvation layers by an AFM tip.  However, we believe their detailed 
method is overly complicated because; i) The final, simplified equation (Equations 16, 
17, 21 in [160]) is identical to previously developed CFM equations but is couched 
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within a highly specific model trying to relate molecular scale parameters to macroscopic 
mechanical stresses.  Given our ignorance of the molecular details it seems more prudent 
to leave the equations in a more general form, and  ii) The final, simplified equation 
(Equation 23 in [160]) seems in error (the logarithm should be of the form ln(x) and not 
ln(1+x)) because at very low tip-sample approach speeds the rupture force should be 
independent of the loading rate as the system approaches equilibrium conditions [239],  
This is not the case for the equations presented in [160].   
4.5.1 Analytical Model  
We describe the general approach adopted within Chemical Force Microscopy (CFM) as 
applied to our temperature dependent data.  From transition rate theory [7, 246] of a first 






−=         (4.9)  
where k is a rate constant and P probability.  In our case P is not related to adhesion as in 
CFM but is the probability that the solvation layer n is intact at time t i.e. the transition of 
interest is when the tip in layer (n) penetrates to layer (n-1), or n→n-1.  Equation 4.9 
essentially states that a tip residing in a potential energy well arising from a solvation 
layer will attempt many times to exit from the energy well at some kinetic rate (k).  At 
finite temperature there is always some probability that the tip will jump between 
adjacent solvation layers, irrespective of the depth of the potential well, because thermal 
fluctuations drive transitions between potential energy minima in non-covalently bonded 
systems [240].  Obviously for a very deep potential, as for the n=1 layer in our systems, 
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the probability is extremely small but the main point is that one should not consider the 
AFM measurement of the rupture force (Fn) as a singular measure.  The rupture force is a 
dynamic value and it is the kinetics of the tip-sample interaction that defines the n→n-1 
solvation transition.   
For a process driven by thermal fluctuations the appropriate rate constant to use in 
















         (4.10)  
where kB is Boltzmann’s constant, T is the temperature, τD is the diffusion time 
characteristic of the system and Eo is the activation energy (a free energy) for the tip to 
transit from a solvation layer.  The diffusion time is the inverse of the activation 
frequency (ν=1/τD) which is the frequency at which the tip attempts to escape from the 
potential well.  The effect of an external force applied by the tip is to lower the activation 
barrier and allow the tip to jump/rupture solvation layers with much higher probability.  

















exp1          (4.11) 
where xβ is the position of the transition state i.e. the distance between the bound 
transition state and the unbound state along the reaction pathway.  In molecular reactions 
the width xβ is typically of the same order as the molecular dimension i.e. xβ~0.1 to 1nm.  
Figure 4.22 shows schematically the effect of force on the energy landscape.  An applied 
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force lowers the energy barrier by F.xβ and changes the transition position by ∆xβ.   The 
shift ∆xβ during a transition is usually ignored in AFM measurements because the effect 
is very small for deep barriers [11] and the lowering of the activation barrier dominates 
the kinetics.  This is not to say xβ cannot change.  If the experiment begins to probe a 
different energy landscape (i.e. if measurements are done at different speeds, cantilever 
stiffness or temperature) then xβ may also change.  Note also that the linear change in 
energy due to the force is a simplification.  The potential of the force actuation (i.e. the 
cantilever) is actually parabolic.  However, for very soft cantilevers, as used in our study, 
the gradient of the solvation potentials dominates the cantilever spring constant and a 
linear approximation is valid.   
 
Figure 4.22 Schematic diagram showing the effect of an applied force on the interaction potential.  The 
dashed lines show the original potential well (width xβ, depth Eo) and the linear loading potential.  The 
applied force tilts the combined potential (solid line) and lowers the activation barrier.  Taken from Ref. 
[7]. 
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Evans and Ritchie [244] solved the rate equations (4.9 and 4.11) for the case of a constant 
rate of force loading (r, in N/s), which is typically the situation in an AFM force curve 
measurement.  They calculated the most probable force for the rupture of a single, sharp 























































ln    (4.12)  
where we have simply substituted the peak-peak rupture force (Fn) for the most probable 
adhesion force (fads) as used in CFM analysis [7, 239].  An underlying assumption of the 
derivation is that a constant force is applied.  This is not a difficulty in AFM force curve 
experiments because it has been shown [11] that even using extremely fast loading rates 
the applied force can be considered static on the molecular time scale of the phenomena 
e.g. bond rupture in CFM.  Experimentally, we also observe the rupture of the film is 
very rapid with no indication of slow liquid diffusion at the 10-3s timescale.   
Equations 4.9 to 4.11 also provide the basic starting point for the analysis of Butt and 
Franz [160] and they arrive, after some computation, at a result very similar to equation 
4.12 but with xβ=αV/2pihRtip, where α is a constant (~0.5), V is an activation volume for 
the displacement of the molecules under the tip, and h is the width of one solvation layer.  
In our opinion it is best to simply retain xβ to represent the activation energy width rather 
than impose a model of the tip-sample contact in which the introduction of the physical 
distances (V, Rtip, h) can be misleading as the analytical distance refers to an energy 
barrier width.   
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The major general result of this Section is derived from Equation 4.12.  At constant 
loading rate (r), as in our experiments, the temperature dependence of the rupture force is,  
 )ln(TTFn −∝           (4.13)  
This is the linear response giving rise to the temperature variation we observe in the 
solvation force as measured with AFM.  Thus, fundamentally, we are observing a kinetic, 
thermally driven change in force with temperature.  A similar temperature dependence is 
found for other thermally activated phenomena, such as the friction force of a single 
asperity contact [247].   
The derivation and underlying applicability of Equation 4.12 to AFM force 
measurements has been extensively discussed [7, 11, 239-241].  Here we only briefly 
raise two issues which are of most relevance, namely the rupture of multiple molecular 
bonds and the condition that the bond (i.e. solvation layer) rupture must be in the kinetic 
non-equilibrium regime.   
Equation 4.12 is derived for a single potential well whereas for real tip-sample contacts 
there can be multiple molecular bonds and interactions.  This problem has been 
approximated for the breaking of N bonds in parallel or in series [239, 241].  The 
situation for bonds in parallel best describes the rupture of a solvation layer.  The force is 
spread approximately evenly across the small number of molecules that will be displaced 
on squeeze out, and the molecules are squeezed from the tip-sample gap all together in a 
co-operative motion (at least within the ~10-3s time resolution of the experiment).  In this 
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case the most probable rupture force is ~N times larger than the single bond case of 

























































    (4.14) 
We observe that the temperature dependence of Fn only depends weakly on N e.g. for 
N=20, ln(N)~3.  Therefore, to a good approximation we can ignore multiple barrier 
effects between molecules in the analysis and model the film rupture as a single 
activation barrier ~N times larger than the single molecule barrier.   
A condition for applying Equation 4.12 is that the system is far from equilibrium, as it is 
only under non-equilibrium conditions that the force depends on the loading rate (r).  In 
practice non-equilibrium is almost always the situation in AFM force measurements 
using soft cantilevers because: i) the loading rates need to be extremely slow to measure 
under near equilibrium conditions, ii) tip instability ensures that when the tip “jumps” 
from the bound state (in our case, a solvation “jump”), the probability that the tip will 
return back to the bound state is very low.  An alternative way to state item (ii) is that as 
the rate of film rupture krup increases with increasing load (Equation 4.11) the reverse 
reaction, that of forming the solvation layer once rupture occurs, becomes remote and 
will only occur at very long timescales and with low probability.  Note in this regard that 
as the force increases the rate constant for the rupture (Equation 4.11 for n→n-1) varies 
as krup~exp(Fxβ/kBT) whereas the reverse reaction rate (kform) for n-1→n will change as 
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kform~exp(-Fxβ/kBT).  Thus in the process of film rupture krup>>kform, unless the applied 
force is very small and in deriving Equation 4.12 the film formation process (kform) is 
ignored.   The actual force where the crossover occurs from near equilibrium (krup~ kform) 
to non-equilibrium (krup>>kform) is given approximately as [241],  
 )ln(2 affBCn KTkkF >        (4.15) 
where Kaff is the equilibrium affinity coefficient, equal to krup / kform, and kc is the 
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where the superscript “0” designates a near equilibrium value of k and τ.  For a non-
covalent process such as film rupture we can estimate a maximum value of (Eform-Erup) as 
~40kBT.  The maximum value of τform/τrup is set as ~107 given that the formation of a 
solvation layer (on retraction) or rupture of a layer (on approach) happens faster than the 
time scale of the experiments (~10-3s), yet cannot occur more rapidly than typical 
diffusion times for an over-damped molecular transition in a liquid (~10-10s) [238].  Most 
of our data has been collected using Si3N4 cantilevers, for which kc ≤ 0.5N/m.  Inserting 
these upper limits into Equation 4.15 we find that the limit of the cross-over force is 
~1.5nN or F/Rtip~60mN/m for Rtip= 25nm.  All the AFM data for the rupture of the n=1 
layer satisfies this criteria.  The n=2 data is somewhat marginal but given the extreme 
values of (Eform -Erup) and Kaff used to estimate the upper limit, we believe this data should 
also fall into the non-equilibrium regime and allow the application of Equation 4.12.   
Chapter Four – Effects of Temperature and Tip Radius 
120 
 
4.5.2 Model results 
Equation 4.12 can be used to analyze the data.  Unfortunately for our study it was not 
realized at the time the data were taken that the temperature variation in solvation force 
we were observing was a rate dependent process.  No data was measured as a function of 
approach velocity and hence the loading rate is fixed at r~5nN/s.  As a consequence we 
are left with two unknowns (ko and xβ) but only one set of independent data (the variation 
of Fn with T).   
Given our new understanding of the physical basis of the phenomena, the methodology 
which should be used in future studies is as follows.  In the experiments, one needs to 
measure a larger number of force curves to improve the statistical sample, and measure 
the rupture forces as a function of temperature and loading rate.  In the analysis, Equation 
4.12 is used and a log-linear plot of the Force v. loading rate yields values of xβ (from the 
slope kBT/xβ) and ko (if the curve intercepts the F=0 axis).  The fitted parameters xβ and ko 
can be used to calculate the probability distribution for the rupture force and a 
comparison made to the measured force distribution histogram [11, 160].  The measured 
temperature dependence data can then be used to disentangle the parameters τD and Eo 










































n lnln0   (4.17)  
where Equation 4.12 has been expanded and the free energy Eo written in terms of the 
changes in enthalpy (∆H) and entropy (∆S), since  
Chapter Four – Effects of Temperature and Tip Radius 
121 
 
 STHE ∆−∆=0         (4.18)  
Note that for a system exhibiting strong liquid layering the entropy is expected to 
increase (∆S positive) as the tip moves from the n=2 to n=1 layer because overall the 
disorder increases (or alternatively, we have ”lost” the order of the n=2 layer).  
Conversely, we expect ∆S to be negative during the retraction of the tip from the surface 
because the addition of another solvation layer introduces more order to the overall 
system.  A negative change in ∆S is indeed observed in CFM adhesion studies in which 
solvent orders near the surfaces on the retreat of the tip [246].   
Given the lack of experimental data, at present we can only provide some approximations 
to the potential energy parameters xβ and Eo and indicate how to proceed in the analysis.  
Firstly we evaluate the magnitude of the force Fn using Equation 4.17.  For the fixed 
experimental parameters (r=5nN/s, T=300K), the logarithmic term is Fn(log part) ≈ 
0.004*ln(1000τDxβ)/xb, with xβ in nm, Fn in nN and τD in seconds.  The largest value of Fn 
possible using realistic values for the minimum of xβ (0.1nm) and maximum of τD (1s) is 
~0.2nN.  This is an order of magnitude lower than experimental values of Fn, as 
summarized in Table 4.4.  The logarithmic function means Fn does not increase 
significantly even for extreme values of parameters e.g. τD =106s gives Fn ~ 0.7nN for 













∆S (J/K) ∆H (J) E0 (J)  
Hexadecane       
n=1 -39  4 ± 1  2 x 10-20  8 x 10-18  2 x 10-18 
n=2 -20  1.7  1 x 10-20  3.8 x 10-18 0.85 x 10-18 
OMCTS      
n=1 -28  2 ± 0.5  1.5 x 10-20  5.5 x 10-18 1 x 10-18 
n=2 -9  0.7  0.5 x 10-20  1.85 x 10-18 0.35 x 10-18 
Dodecanol       
n=1 -55 to -115 7 ± 2  4 x 10-20  15.5 x 10-18 3.5 x 10-18  
n=2 -22 to -45  2.8  1.7 x 10-20  6.5 x 10-18 1.4 x 10-18  
 
Table 4.4 The order of magnitude for the entropy (∆S), enthalpy (∆H) and energy (E0) of 
rupture of the n=1 and n=2 solvation layers in hexadecane, dodecanol and OMCTS.  The 
slope dFn/dT and rupture forces Fn (at 25oC) are taken from Figures 4.10, 4.11, 4.13 and 
4.15.   The energy terms are crudely calculated from ∆S = xβ.dFn/dT, ∆H = E0 + T∆S, and 
E0 = Fnxβ using the load rate r=5nN/s and xβ = 0.5nm.  The assumption that xβ is constant 
for all the systems and solvation layers are very weak and values of xβ should be obtained 
experimentally [11].  Another significant unknown is the number of interacting bonds or 
molecules (N) contributing to the overall energy values noted in the Table. 
 
Thus the logarithmic term cannot describe the magnitude of force Fn in our experiments 



















      (4.19)  
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It is this part of Equation 4.17 that dictates the magnitude of Fn in our experiments.  
Figure 4.23 shows Fn calculated for different values of xβ and E0, with E0 defined in units 
of kBT.  The hatched regions show the range of the rupture force, as given in Table 4.4, 
for the n=1 layer in hexadecane (red) and OMCTS (green).  The parameters xβ and E0 
must lie within these regions to correctly describe the data.  We conclude that reasonable 
parameter values are 0.1< xβ <2nm and 100< E0 < 2000kBT for the liquids under 
investigation.  The high values of E0 are a reflection that multiple bonds/interactions must 
be rupturing and thus the lumped energy term E0 actually represents N bonds, as given in 
Equation 4.14.  This is reasonable because Figure 4.23 shows an increasing energy is 
required to model higher rupture forces, and higher forces imply larger tip-sample contact 
area and more molecules within the contact zone.  




Figure 4.23 The rupture force Fn calculated for different values of xβ and E0 (E is in units 
of kBT as shown) at T=25oC.  The force is calculated from Fn=E0/xβ because the 
logarithmic term in Equation 4.12 is negligible (see text for details).  The hatched regions 
show the range of the rupture force for the n=1 layer in hexadecane (red) and OMCTS 
(green).  The parameters xβ and E0 must lie within these regions to correctly describe the 
data.  Hence we conclude that xβ <2nm and E0 ≥ 100kBT. 
 
























      (4.20)  
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The right hand, logarithmic component represents the thermal disruption to the system, 
which always causes a decrease in the force as the temperature increases.  As above, an 
order of magnitude estimate can be made for the logarithmic term using r=5nN/s and 
T=300K to give, dFn/dT(log part) ≈ 0.01[ln(1000τDxβ) -1]/xβ with xβ in nm, τD in seconds, 
and dFn/dT in pN/K.  The logarithmic term is such a slowly varying function that the 
largest value of dFn/dT is only ~2pN/K using the extreme parameters of xβ=0.1nm and 
τD=1010s.  This calculation of dFn/dT is an order of magnitude smaller than the 
experimental values (see Table 4.4) and we conclude that the logarithmic term of 
Equation 4.20 is not significant for the temperature range and liquid systems used in our 
study.  As noted previously, Equation 4.14 shows that the thermal weakening and 
breaking of N bonds would only change dFn/dT by the addition of ln(N).kB/xβ, which is 
not significant for our experiment even for N~100.  Thus the thermal disruption term of 
Equation 4.20, even with many (N) bonds, cannot account for the observed large changes 
in Fn with temperature.  As an aside, we also note that the change in the cantilever spring 
constant with temperature is much too small and of the wrong sign to describe the 
observed decreases in force with increasing temperature [7].   
We conclude that the entropic term -∆S/xβ of Equation 4.20 (or -N.∆S/xβ for the rupture 
of many (N) interactions) dominates the temperature dependence of Fn.  Table 4.4 shows 
that for the organic liquids studied dFn/dT ≈ -40pN/K.  Taking xβ = 0.5nm (the width of a 
linear alkane) we find ∆S = + 40pN x 0.5nm = +2 x 10-20 J/K.  This is a reasonable 
magnitude.  Noy et al. find ∆S ~ 10-21 J/K per bond for either COOH terminated gold 
Chapter Four – Effects of Temperature and Tip Radius 
126 
 
surfaces or bare Si3N4 on mica immersed in ethanol [7, 246].  The positive sign of ∆S 
indicates increasing disorder as the temperature is raised.   
Given ∆S we can also estimate ∆H from Equation 4.18 and calculated values are shown 
in Table 4.4.  Again these are reasonable values compared to published work [7, 246], 
although the energies are rather high which may reflect the co-operative nature of the 
squeeze out process.  Such co-operation is certainly indicated in the significant entropic 
effect for all the liquids and for both n=1 and n=2 layers.  However, we cannot make any 
strong conclusions based on Table 4.4 because the calculations provide only an order of 
magnitude comparison.   
4.6 Conclusion  
AFM has been used to study the effect of temperature on solvation forces in the liquids 
OMCTS, n-hexadecane, and n-dodecanol confined between the AFM tip and a graphite 
surface.  Discrete solvation layers can be observed for all three liquids at all the 
temperatures measured (298K to 348K).  However, with increasing temperature there is a 
significant decrease in the magnitude of the measured solvation forces and a reduction in 
the number of solvation oscillations which can be observed.  Since solvation forces are 
only weakly temperature dependent, the strong temperature effect we observe is not 
related to the fundamental behavior of the solvation force, but indicates we are measuring 
how the layers are squeezed from the tip-sample gap.  The important point is that squeeze 
out (or rupture) of the solvation layers is a process.  The squeeze out process is a 
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thermally activated phenomena and gives rise to the large change in the magnitude of the 
force oscillations with temperature.     
The large change in force with temperature has at least two important implications for 
nanoscale phenomena typically studied by AFM.  Firstly, the results show the need to 
define the temperature in AFM force curve measurement as used in chemical force 
microscopy[7].  For example, in biology related studies if the forces change markedly 
with temperature then AFM measurements performed outside of the physiological 
relevant temperature range may have no bearing on the biological problem being studied.  
Secondly, friction involves the sliding of one surface across another surface.  The 
surfaces contact each other only via the highest asperities and this explains why AFM has 
been so useful in tribology; the AFM tip contacting a surface mimics a single asperity 
mechanical contact, as in Figure 4.5.  Typically one minimizes friction and wear by 
ensuring a liquid or boundary lubricant layer resides at the asperity contacts to separate 
the surfaces.  However, another consequence of friction is that the sliding contacts 
become hot and our results show that on a single asperity contact (as represented by the 
AFM tip) an increase in temperature will dramatically lower the repulsive forces for the 
model boundary lubricants hexadecane and dodecanol.  Thus, measuring of the properties 
of a confined fluid at room temperature using AFM or SFA may have no usefulness for 
understanding the fluid lubrication behavior under realistic sliding conditions.   
Another significant result was the finding that the normalized solvation force data, F/Rtip, 
differ between AFM tips of different radius of curvature (Rtip = 15nm to 100nm) with a 
clear trend of decreasing F/Rtip with increasing Rtip [248].  Hence, the Derjaguin 
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Approximation must be used with care to obtain the surface free energy when used in 
AFM experiments.  It is difficult to circumvent the problem because the variability of the 
data (both F/Rtip and the ratio between the n=1 and n=2 layers) is large, even for 
nominally identical Rtip, thus ruling out the possibility of quantifying the trend.  However, 
a more positive conclusion is the data shows that the use of very sharp tips (Rtip ≤ 25nm) 
probably gives a reliable measurement of the surface forces, although more experimental 
effort is required to validate this assertion.  A next step would be to measure the exact tip 
shape at sub-nanometer scales using blind reconstruction[218] and relate the detailed tip 
topography to the measured forces.   
The study of the variation with temperature of fundamental surface forces is a very 
underdeveloped topic and our work has naturally generated many new questions.  We 
outline below two outstanding issues which appear to warrant further investigation.   
Firstly, the entire issue of the temperature dependence of solvation forces and the relation 
to monolayer melting and the material state of the confined liquid clearly needs further 
investigation.  A first step would be to use non-contact AFM methods which are more 
sensitive than static (DC) AFM to small variations in force and would enable the 
adhesive minima to be measured in all liquids.  The possibility of observing force 
changes due to monolayer melting is tantalizing but at present there is not enough 
evidence to advance ideas further than pure speculation.  A major experimental difficulty 
will remain, however, and that is attempting to remove trace impurities in the liquids.   
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A second important topic is to investigate other properties that are temperature dependent 
in order to gain insight on the behavior of confined materials.  In particular, the viscosity 
of liquids is strongly temperature dependent and this must be considered in any 
understanding of the state of the confined liquid.  AFM can be used in non-contact mode 
to measure the effective viscosity of a liquid[37].  The viscosity of confined liquids near a 
solid-liquid interface can increase by orders of magnitude above the bulk value, even 
when one of the surfaces is a nanoscale AFM tip[203], because the liquid begins to 
exhibit more “solid-like” behavior on confinement.  The effect of temperature on the 
viscosity of confined fluids is not known and would provide invaluable insight.  
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Chapter Five:  Effects of Water  
 
It has long been appreciated that both as a pure liquid and as a solvent, water is complex 
and has unique properties[249].  This complexity is due to a combination of the small 
size and distinct polar charge distribution of the water molecule[250].  Water and other 
small, volatile organic molecules have the tendency to adsorb onto solid substances with 
high surface energies and change the interfacial properties[1].  Trace amounts of water in 
liquids are known to effect interactions at the solid-liquid interface. 
In this Chapter, the major emphasis is on understanding the behavior of liquids in the 
presence of trace amounts of water confined between an AFM tip and an atomically flat 
graphite (HOPG) surface.   Solvation forces of OMCTS, a linear alkane (n-hexadecane), 
and a linear alcohol (n-dodecanol) were studied, with and without water added.  Results 
show that trace water is present in the liquids even in newly purchased bottles and after 
attempted drying, and the addition of water to these liquids has a strong effect on the 
solvation forces measured using the AFM.   
5.1 Preparation of Liquids 
Preparation of water contaminated liquids for these experiments were done by first 
extracting 20ml of as purchased OMCTS, dodecanol or hexadecane, and placing in 
thoroughly cleaned and dried glass sample bottles.  The bottles were then sealed using a 
screw cap with a rubber septum.  A percentage volume of water was then added via a 
syringe, the bottles ultrasonicated and placed in a dry box overnight. 
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Prior to analysis of the sample, a visual inspection of the samples showed a separation 
layer between the water and sample for OMCTS and hexadecane.  This separation layer 
was not observed for the dodecanol sample, Karl-Fischer (KF) titration analysis was then 
performed on the as purchased liquids and the “water-contaminated” liquid samples.  
Table 5.1 shows the data obtained for the measured amount of water. 
Liquid Density 
(g/ml) 
% by volume 
of water added 
Measured amount of water 
By Vol (ppm) By Weight (ppm) 
Hexadecane 0.77 0% 204 265* 
  1% 238 310* 
  5% - 440 
     
Dodecanol 0.833 0% 187 224* 
  0.5% 509 611* 
  5% - 31640 
     
OMCTS 0.96 0% 128 133* 
  1% 155 161* 
Table 5.1 Tabulation of amount of water in samples.  The 5% values are measured using a Mettler Toledo 
DL32.  All other values are obtained using an AlphaTitroline.  The (*) values are calculated from the 
measured volume.  Note that 0% added water refers to the as received samples. 
The saturation data obtained by Horn and Israelachvili [2] for OMCTS (0.024%) are 
comparable to the saturated values for OMCTS in this work (0.016%). 
Thermodynamic analysis by Constantine Tsonopoulos[251] has shown that the solubility 
of water in linear alkanes is fairly insensitive to the carbon number (CN).  It was also 
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reported that water content in alkanes increases monotonically with increasing 
temperature.[252-254]  This is summarized in Figure 5.1 which includes data of water in 
liquid ethane and propane from Parrish et al.[255], in C5-C8 from Polak and Lu[82], and 
in C7-C16 from Schatzberg[256]. 
 
Figure 5.1 Solubility of water in normal alkanes at room temperature (298.15K) 








6547.66677.79ln       (5.1) 
○ – Schatzberg 
∇ - Roddy et al. 
□ – Polak et al. 
∆ - Parrish et al. 
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where wx is the mole fraction of water.  Therefore in hexadecane we expect the water 
content to be ~55 ppm by weight.  This is an order of magnitude smaller than our 
measured values but it should be noted that wide variation is also noted in the literature 
e.g. Schatzberg [256] measures 54 ppm using KF whereas Englin et al.[257] measure 124 
ppm evaluated by adding calcium hydride and measuring the evolving hydrogen volume. 
Irrespective of exact agreement with previous studies, it is evident from Table 5.1 that 
water is present in all the liquid samples.  This is also the case for the as-purchased 
liquids which are nominally 0% water content.  It is extremely difficult, as we show in 
Section 5.8, to dry the liquid further.  Therefore, all liquids will have trace amounts of 
water to some degree. 
5.2 Solvation Forces Measured in Liquids with Water 
Solvation forces were measured in both as-purchased liquids (OMCTS, hexadecane and 
dodecanol) and water contaminated liquids.  As purchased Si3N4 cantilevers, spring 
constants ~ 0.38 or 0.76 N/m, were used in the experiments.   
5.2.1 OMCTS with Water 
Historically, the first measurement of the effect of dissolved water on solvation forces 
was reported by Horn and Israelachvili[2] using SFA in OMCTS.  In their work, water 
was introduced into the liquid by absorption and diffusion from saturated water vapor.  
The measured water content of OMCTS at saturation was found to be 0.024±0.002% by 
weight.  The data was compared to that of dry OMCTS which, in the detection limits of 
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the KF titrator used, was found to contain no more than 0.002% water.  A downward shift 
of the oscillatory forces with a concurrent decrease in the peak-to-peak amplitudes was 
reported when measurements were conducted in water saturated OMCTS.  The two 
surfaces used were pure mica, i.e. hydrophilic surfaces.  Similar effects were seen in 
CTAB coated mica surfaces, which are known to be hydrophobic.    
In our experiments, OMCTS was used as purchased without further purification.  Force-
distance curves were obtained for the OMCTS-HOPG system (Figure 5.2).  Solvation 
layers (typically 2-3) are observed in both as received and water contaminated samples.  
The mean periodicities of the solvation jumps were found to be 7.8 ± 0.8Å for both 
samples, i.e. the decay length of the oscillatory forces does not change. 
 
Figure 5.2 a) Force Distance curve for pure OMCTS.  Fadh=-1nN b) Force Distance Curve for OMCTS 
with water.  Fadh=-0.35nN.  Black shows the approach curve and red the retraction curve. 
 
However, contrary to the SFA data reported by Horn and Israelachvili[2], we do not 
observe an increase in the adhesion magnitude (Fadh) or the peak-to-peak amplitudes.  
b) a) 
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This is not surprising given the difficulty in drying the liquid in-situ for AFM 
experiments.  OMCTS is hydroscopic and the water content of the two samples is very 
close (Table 5.1).  For example, the differences in the data of Figure 5.2 (e.g. differences 
in Fadh and the Fmax) could easily be attributed to a difference in tip radius.  It has to be 
pointed out that the data is inconclusive and is shown here only for the purpose of 
completeness.  The results will not be discussed further. 
5.2.2 Hexadecane and Hexadecane with Water 
Alkanes have been widely studied both by SFA[22, 258, 259] and AFM[183].  Early SFA 
data using cyclo-hexane and n-octane (C8H18) saturated with water[22] have shown 
similar results to that of OMCTS with both mica and CTAB coated mica surfaces.  
Similar studies in hexane (C5H12), decane (C10H22), dodecane (C12H26), tetradecane 
(C14H30) and hexadecane (C16H34)[258] have also shown qualitatively solvation forces of 
the same form as those measured in nonpolar liquids[2, 21].  It was reported that the 
solvation forces appear to be more sensitive to the presence of trace amounts of water as 
compared to OMCTS[260].   
In our experiments, n-hexadecane was used as purchased without further purification.  
Force curve in pure liquid (Figure 5.3a) typically showed 7-9 layers.  With water added 
to the liquid, the solvation “jumps” could still be observed but with a markedly decreased 
magnitude and number of jumps (Figure 5.3b).  Typical force-distance curve data is 
shown in Figure 5.3b.  The decrease in force is not due to some large change in tip radius.  
Rtip = 40 nm in Figure 5.3a and Rtip = 35 nm in Figure 5.3b. 




Figure 5.3 a) Force Distance curve for pure Hexadecane.  Water content ~ 0.026% ppm.  Fadh=-1.2nN b) 
Force Distance Curve for Hexadecane with water (~ 0.030% ppm).  Fadh=+0.5nN.  Black shows the 
approach curve and red the retraction curve. 
 
In both cases, the mean periodicities were found to be 4.6Å ± 0.4Å, which is close to the 
estimated diameter of the hexadecane molecule (4.5Å).  A striking difference observed 
for hexadecane with water added was the disappearance of the adhesive force between tip 
and sample.  Instead a repulsive force was observed.  This effect will be looked at more 
closely later in this chapter.  A decrease in the exponential decay length was also 
observed, from 18 to 6.5 nN/nm. 
5.2.3  Dodecanol with Water 
Similar to linear alkanes, short chain linear alcohols (CnH2n+2O, n=2-12) have been 
widely studied by AFM[12, 36, 126, 261] and SFA[262, 263].  Contamination by water 
was reported to be significant for Si3N4 AFM tips near a mica surface in dodecanol[36].  
The water-saturated Si3N4-dodecanol-mica system was found not to show solvation 
a) b) 
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oscillations in the force curves.  Instead, when the tip approached the mica surface, the 
AFM tip jumped into contact from 20-30 Å away, i.e. a strong attractive force dominated 
the tip-sample interaction and no short range forces could be measured. 
In our experiments, n-dodecanol was used as purchased without further purification.  
Typical force curves are shown in Figure 5.4.  Solvation forces (5-8 layers) were 
observed in both as-received and water-contaminated samples with a mean periodicity of 
4.26 ± 0.29 Å.  
 
Figure 5.4 a) Force Distance curve for pure Dodecanol.  Water content ~ 0.022% ppm.  Fadh=+1.8nN b) 
Force Distance Curve for Dodecanol with water (~ 0.061%).  Fadh=+0.35nN.  Note the “positive” adhesion 
forces.  Black shows the approach curve and red the retraction curve. 
 
Figure 5.4b shows typical data obtained when water was added to the dodecanol.  There 
is a clear decrease in the number of observable jumps and also in the magnitude of the 
maximum forces (Fmax).  The change in force is not due to some large change in the tip 
radius.  For Figure 5.4a, Rtip = 34 nm and for Figure 5.4b, Rtip = 37 nm.  Similar to 
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experiments conducted using hexadecane contaminated with water, no adhesion is 
observed when the tip pulls off the HOPG surface.  Rather, a net repulsive force is 
observed for both as-purchased and water-contaminated dodecanol.  It was this strange 
“positive adhesion” effect that initiated our study of the effect of trace water on surface 
forces and most of our efforts used dodecanol as the liquid medium.   
5.3 STM Imaging & NMR 
In order to verify that the addition of water to the samples did not change the physical 
properties of the liquid, STM imaging and NMR were conducted. 
STM images of the monolayer (n=1) of dodecanol on HOPG using as-purchased and 
water-contaminated samples are shown in Figure 5.5.  The images show no discernible 
differences between the two samples.  The herring-bone structure dodecanol monolayer is 
still observed for both samples at molecular resolution.  Attempts to image the 
hexadecane monolayer did not yield such conclusive results as the hexadecane molecules 
could not be resolved at high resolution.  Nevertheless, the force curves and images of 
hexadecane are similar to dodecanol.  Thus, the STM images show there is no gross 
disruption of the n=1 layer caused by the addition of water. 




Figure 5.5 (a) STM image of dodecanol monolayer (0% water added) on HOPG (15 nm x 15 nm), (b) 
dodecanol monolayer with water (~ 0.061% ppm) (20 nm x 20 nm) and (c) dodecanol monolayer with 
water (~ 0.061% ppm) (10 nm x 10 nm) 
NMR was done to analyze the hexadecane bulk liquids, using as purchased and water 
added samples.  Both c-NMR and h-NMR were done and the results are shown in Figures 
5.6 and 5.7. 
(a) (b) 
(c) 




Figure 5.6 c-NMR results for a) Hexadecane, and b) Hexadecane with 0.005% ppm water added.  Inset 
shows a Hexadecane skeleton diagram with the corresponding c-NMR peak numbers. 
 
Analysis of NMR results confirms our procedure to produce the water contaminated 
liquid does not change the hexadecane.  All the peaks on the NMR graphs are identical 
within the limits of experimental error with the exception of a peak between 3.6 and 3.7 
ppm in the h-NMR spectra (Figure 5.7) which has been attributed to the increase in OH 
























Figure 5.7 h-NMR results for a) Hexadecane, and b) Hexadecane with 0.005% ppm water added  Inset 
shows a Hexadecane skeleton diagram with the corresponding h-NMR peak numbers. 
 
5.4 Discussion I 
The general trends observed for the alkane-HOPG and alcohol-HOPG systems studied 
here are that the addition of water causes a decrease in the magnitude of the maximum 
force (Fmax) for each layer, a decrease in the number of observable jumps, and a decrease 
in the exponential decay length.  In the OMCTS-HOPG system, the data is inconclusive 
and no comment can be made of the effect of water in AFM.  A possible explanation of 
these trends could be that suggested by Christenson et al.[258] for their SFA experiments 
using alkanes.  Given the similar molecular diameters for dodecanol and hexadecane 
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system can be attributed to the disruption of the packing of the molecules by the 
additional water molecules present.  With a size of ~2.5Å, a significant fraction of the 
layer spacing could be disrupted by the water molecules if water preferentially resides 
near either of the surfaces (HOPG or Si3N4).  Weaker packing would result in lower 
forces required to remove the confined layer, and less layers formed with a sharper decay 
because the ordering cannot extend so well from one layer to the next.  The STM 
observation (Fig 5.5) that the monolayer of dodecanol remains unchanged in the presence 
of water does not contradict this hypothesis.  The force curves show (Figure 5.4) that in 
dodecanol the n=1 layer has (with error) the same peak-peak force (Fn) before and after 
the addition of water.  In contrast, the forces on the outer layers (n ≥ 2) are clearly much 
weaker and it is these outer layers which become disrupted.  Hexadecane differs in that 
the peak-peak force drops appreciably for all layers, including n=1 (Figure 5.3).   Perhaps 
the disruption of the n=1 layer for hexadecane with added water is why the monolayer is 
so difficult to image. 
The most curious aspect of the force curves is that the adhesion force between the tip and 
HOPG surface, typically negative (i.e. the tip must be pulled off the surface for 
separation), has been replaced by a positive (i.e. repulsive) force (Figure 5.4).  The only 
AFM work showing repulsive adhesion forces are by O’Shea et al.[126] for the Si3N4 tip-
dodecanol-HOPG system and by Atkin and Warr[264] for the Si3N4 tip-ionic liquid-silica 
system.  No attempts were made to elaborate or discuss this feature of the data.  Several 
other groups study surface forces in alcohols using AFM[36, 126], either on mica or 
HOPG but no publications discuss or present data on the adhesion issue.  Interestingly, 
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both of these research groups[36, 126] state that the force curves are “sensitive” to the 
presence of water but neither makes the connection between the water induced 
“variability”  of the data and a systematic shift in the adhesion forces.   
Reference can be made to the many studies measuring adhesion using AFM which 
invariably discuss the effect of water [265] but it should be highlighted that all such 
studies deal with either entirely aqueous solutions or comparatively large % volumes of 
water e.g. sufficient to form capillary condensation or phase separation at the tip apex.  
Indeed, an AFM study explicitly investigating water in alcohols[127] only reaches a 
lower water content of 1% i.e. 104 % ppm.  The thrust of our work has been to show that 
even trace amounts of water (~ 100 ppm) can have a major effect on the measured force 
curves in AFM.   In our desire to find an explanation for this “positive” adhesion, we 
embarked on a series of experiments to elucidate the underlying reason for this effect.  A 
logical starting point was to calculate the Hamaker constant of the system. 
Using the Liftshitz theory [46, 47], a calculation of the non-retarded Hamaker constant 
was made for the Si3N4-dodecanol-HOPG system.  Denoting Si3N4 by 1, HOPG by 2 and 
dodecanol by 3, and assuming the absorption frequencies (ν) for all three materials are 
the same, an approximation for the non-retarded Hamaker constant is given by[266] 
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Where ε is the zero frequency dielectric constant, n is the refractive index and ħ is 
Planck’s constant.  Table 5.2 shows a tabulation of the constants used.  These give a 
value of A = 1.32 x 10-19 J. 
Material Ε n ν (s-1) 
Si3N4 7.44 1.988 3.0x1015 
HOPG 10 2.6 [267]  
Dodecanol 6.5 1.4428  
Table 5.2 Constants used for calculation of the non-retarded Hamaker constant. 
For a spherical tip (radius Rtip) on a flat surface, the force arising solely from van der 
Waals interaction (Fvdw) is approximately[1] 
212d
RA
F tipHvdW −=         (5.3) 
d is the distance between the tip and the sample surface.  Therefore the van der Waals 
adhesion in contact (d ~ 1 Å to 2 Å) is always attractive (negative) if AH is positive.  A 
repulsive adhesion force can only occur for van der Waals interactions if AH is negative, 
and this only occurs for the rare combinations of materials e.g. Teflon in 
cyclohexane[268]. 
Equation 5.2 is simplistic because we have ignored the frequency dependence of ε, 
particularly with respect to the almost metallic nature of HOPG.  Complete calculations 
can be undertaken[10] and results for Si3N4-alcohol-HOPG systems are shown in Table 
5.3[12].  From this Table, we expect AH ~ 0.8 x 10-19 J for dodecanol, which is the same 
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order as our crude calculation using Equation 5.2.  The main outcome is that AH is always 
positive for the Si3N4-alcohol-HOPG system, and hence FvdW should always be negative, 
i.e. attractive. 
 Ε n AH 
Ethanol 25.3 1.361 1.19 x 10-19 
1-propanol 20.8 1.385 1.06 x 10-19 
1-butanol 17.8 1.399 0.98 x 10-19 
1-pentanol 15.1 1.410 0.92 x 10-19 
1-hexanol 13.0 1.418 0.88 x 10-19 
1-heptanol 11.8 1.425 0.84 x 10-19 
1-octanol 10.3 1.430 0.82 x 10-19 
Table 5.3 Dielectric Permittivities, Refractive Indices and Hamaker constant of a Si3N4 tip interacting with 
HOPG across liquid alcohols of various chain lengths from reference [12]. 
 
5.5 Adhesion Force in Other Alcohols 
In order to verify that the “positive” adhesion using dodecanol is not due to a negative 
Hamaker constant, the experiments were repeated using as purchased octanol and 
ethanol.  At room temperature, the Hamaker constant is unambiguously positive for both 
liquids (see Table 5.3).  These experiments also rule out the cause of the repulsion being 
due to the formation of an ordered dodecanol monolayer.  One could postulate that the 
forces between the dodecanol molecules is so strong that over the nanometer length scale 
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of the tip-sample contact the tip is repelled away from the surface as the monolayer 
forms.  However, ethanol does not form an ordered monolayer at room temperature[228] 
(see also Section 4.4.2).  The force curves show that “positive” adhesion is still observed 
in both octanol and ethanol, ruling out any mechanism based on the formation of an 
ordered layer.  Figure 5.8 shows a typical force curve measured in the Si3N4-Octanol-
HOPG system.  A statistical analysis of force curves collected showed that an average of 
~80% of the data obtained for each tip used were positive, demonstrating that the 
phenomenon observed is not unique to dodecanol and cannot be due to a negative 
Hamaker constant. 
 
Figure 5.8 Typical force curve measured in the Si3N4-Octanol-HOPG system.  Rtip = 35nm. 
Figure 5.9 shows a typical force curve measured in the Si3N4-Ethanol-HOPG system.  A 
statistical analysis of force curves collected showed that an average of ~65% of the 
adhesion forces obtained for each tip used were positive.  Thus, even using a very short 
chain alcohol with no ordered monolayer, results in half the data sets showing positive 
adhesion behavior. 




Figure 5.9 Typical force curve measured in the Si3N4-Ethanol-HOPG system.  Rtip = 24nm. 
5.6 True Tip-HOPG Contact 
Repulsive forces can arise in many situations between two surfaces in a liquid[1].  It is 
therefore important to verify that the tip is indeed in mechanical contact with the HOPG 
surface and the “positive” adhesion relates to a tip-solid contact and not a tip-liquid-solid 
contact.  This is particularly important for alkanes and alcohols on HOPG because of 
strong layering near the surface.  We must ensure that the tip punches through the liquid 
monolayer (n=1) and contacts the surface (n=0). 
Two separate experiments were done.  The first was to image the graphite surface.  In this 
experiment, the tip was approached to the surface and held at a force between 8 and 10 
nN in dodecanol.  Force curves (e.g. Fig 5.4) show that this force is always high enough 
to punch through the dodecanol monolayer.  The AFM was then engaged in scanning and 
the image obtained shows the HOPG lattice (Figure 5.10).  We conclude that the tip is 
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indeed on the surface.  Force curves were performed immediately after the imaging and 
the results were similar to those typically observed, i.e. showing repulsive pull-off forces. 
1.0nm
 
Figure 5.10 AFM scan of HOPG surface taken in dodecanol at a force of ~10nN.  Si3N4 cantilever (kc = 
0.76 N/m) 
 
In order to independently verify that the tip was on the surface, conduction AFM was 
undertaken.  Several Si3N4 cantilevers were coated with a layer of Chromium (5nm) and 
Gold (40nm).  The resulting conducting tip was biased with a 10mV voltage and 
approached to the HOPG surface in ambient conditions.  A current-voltage curve (I-V) 
was then measured with the tip in contact with the HOPG.  The I-V was linear at low 
voltages and the corresponding resistance was 106 kΩ.  Resistances of 105 Ω to 107 Ω are 
typical of AFM point contacts on HOPG[5].  The experiment was then repeated in 
dodecanol and the I-V curve at high applied force was again linear, yielding a contact 
resistance of ~800 kΩ.  This is a reasonable value for an Au-HOPG point contact 
resistance.  The resistance is higher than in ambient because the surface forces (e.g. 
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capillary) are much stronger in ambient leading to a larger tip-surface contact area at a 
given force compared to a liquid environment.  Hence the current flow at a given voltage 
is larger in ambient.  The data therefore shows that the tip is in true contact with the 
HOPG in dodecanol at sufficiently high force (5 – 10 nN).  Note that if a molecular 
monolayer existed between the conducting tip and the HOPG substrate, then conduction 
occurs by tunneling.  In this case, the measured low bias resistance would be >> 100 
MΩ[219].   
5.7 Variation of Adhesion with Tip Material 
Si3N4 levers yielded consistent results, i.e. a high percentage of the data (>85%) obtained 
showed repulsive forces on pull-off from the surface.  Around 40% of the data has pull 
off force > +1nN, i.e. well above the noise level.  
Interestingly, all the experiments done using Au-coated tips always yielded negative 
adhesion forces.  This led to a series of experiments to investigate if different AFM tips 
give results differing from those using Si3N4 tips.  The adhesion force for Silicon, Au and 
Al tips were measured in dodecanol at room temperature. 
5.7.1 Si Cantilevers 
Si force modulation (FM) cantilevers (kc ~ 5N/m) and Si non-contact (NCAFM) 
cantilevers (kc ~ 50N/m) purchased from Nanosensors were used for the experiments.  
The cantilevers, like those in the Si3N4 experiments, were rinsed in ethanol and 
dodecanol prior to use.  Three different cantilevers for each stiffness were used and 
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statistics of the data was obtained over 25 force curve measurements.  Typical results for 
the Si-FM levers and Si-NCAFM levers are shown in Figure 5.11. 
 
Figure 5.11 Typical results for the a) Si-FM levers and b) Si-NCAFM levers 
The force curves measured for the Si-NCAFM cantilevers do not show any solvation 
jumps on approach and this could be attributed to the higher stiffness compared to the 
Si3N4 cantilevers, resulting in reduced sensitivity.  The adhesion results for the Si 
cantilevers (both Si-FM and Si-NCAFM) gave repulsive adhesion forces for ~10% of the 
force curves measured.  Most of the bare Si tips showed adhesion values near ~ 0nN.  
Negative adhesion force was never measured.  Even when a maximum force of 800 nN 
was applied using a Si-NCAFM cantilever, no negative pull-off force was observed.  
Thus our conclusion for Si tips (or more correctly tips with a SiOx surface) is there are 
indications that a repulsive adhesion exists but the high stiffness of the cantilevers 
decreases the sensitivity such that most measurements show Fadh ~ 0nN. 
 
a) b) 
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5.7.2 Au Coated Cantilevers 
Cantilevers of varying stiffness (Si3N4 0.38N/m, Si3N4 0.76 N/m, Si-FM 5N/m, Si-
NCAFM 50N/m) were coated with Cr/Au (5nm/45nm) and force distance experiments 
conducted in dodecanol at room temperature.  The tip and sample were electrically 
grounded, i.e. there was no net potential difference between the tip and the sample. 
Results for all the cantilevers yielded 100% negative adhesion on pull-off, regardless of 
the stiffness of the cantilevers used.  Figure 5.12 shows a typical force curve for an Au 
coated Si3N4 cantilever in dodecanol.  The adhesion is strong, which is typical of Au 
coated tips.  Solvation layers are also readily observed, primarily on the approach cycle.   
 
Figure 5.12 Typical force curve for an Au coated Si3N4 cantilever in dodecanol.  Rtip = 55nm. 
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5.7.3 Al Coated Cantilevers 
Evaporation of an aluminum film on Si3N4 cantilevers was found to be suitable for use in 
the AFM, i.e. the cantilevers did not bend excessively due to residual stress from the Al 
overlayer.  A batch of Si3N4 cantilevers were coated with approximately 40 nm of Al 
using a thermal evaporator.  A property of Al which was taken into consideration in these 
experiments is the rate of oxide growth, which is shown in Figure 5.13.  An oxide layer 
begins to form immediately on the aluminum surface on exposure to ambient.  Figure 
5.13 shows that a ~ 12Å AlxOy film will form after ~ 1s exposure to 1 atmosphere of O2.  
On removal of the cantilevers from the evaporator, a coated cantilever was immediately 
placed in the AFM to begin experiments.  The remainder of the cantilevers were placed in 
a vacuum chamber for storage at 10-6 torr.   
 
Figure 5.13 Thickness of aluminum oxide growth as a function of oxygen exposure.  Taken from Ref.[8]. 
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The results obtained from using aluminum coated cantilevers were different from Si3N4 
and gold.  For freshly made Al coated cantilevers, the adhesion showed repulsive pull-off 
in 20% – 50% of the force curves with no trend in relation to tip radii (Figure 5.14).  The 
remaining ~ 50% of adhesion measurements show negative values. 
 
Figure 5.14 Distribution of the observation of positive adhesion with respect to tip radius for an Al coated 
tip.  The blue triangles ▲ represent the beginning of the experiment and the pink squares ■ when the 
experiment is repeated after 24 hours.  The Al tip was exposed to ambient during the 24 hour period. 
 
The most interesting aspect of Figure 5.14 is that the percentage of positive adhesion 
values observed increases significantly (to 60% - 90%) after 24 hours.  The Al film has 
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5.8 Drying Experiments 
The experiments described so far used the dodecanol as purchased.  Given the critical 
importance of water, we decided to attempt to reduce the water content, i.e. dehydrate the 
alcohol.  Several methods were explored and will be explained in the following sections.  
All AFM experiments were conducted within a glove box environment where the relative 
humidity was measured as 0.7% RH.  This low RH value was achieved by flushing the 
chamber with Argon (Ar) and using phosphorous pentoxide (P2O5) around the AFM 
during the experiment (Ar flow had to be minimized to reduce cantilever vibrational 
noise). 
5.8.1 Boiling 
Given the fact that the boiling point of dodecanol is approximately 260°C and the boiling 
point of water is 100°C, an attempt was made to reduce the water content by heating the 
dodecanol in an argon filled chamber.  The dodecanol was transferred to a thoroughly 
cleaned and dried sample bottle and the sample heated at 120°C overnight.  The samples 
were then filtered by extracting the dodecanol from the sealed sample bottle through a 
fresh syringe mounted with a 20µm pore size syringe filter. 
Analysis of the sample by KF titrator after boiling showed that the water content reduced 
to 66 ppm by volume.  Further analysis of the sample by Gas Chromatography-Mass 
Spectrometry (GCMS) showed an increase in the purity of the sample, from 99.3% to 
99.84%.  GCMS was performed to verify the purity of the sample as one of the earlier 
boiling attempts resulted in the formation of esters in the sample.  Fourier Transform 
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Infrared Spectroscopy (FTIR) was also performed on the boiled samples and 
representative data is shown in Figure 5.15.  The results show that the peaks are still 
aligned which suggesting that the dodecanol has not been changed chemically.  Further, 
the peaks are more pronounced suggests that the boiled sample is of a higher purity than 












Figure 5.15 FTIR plot for dodecanol as purchased (dark blue) and boiled for 24 hours (light blue). 
 
Force curves were measured at room temperature using the boiled dodecanol and the 
results showed a decrease in the number of repulsive pull-offs observed from 83% to 
50%.  For these experiments Si3N4 (kc = 0.38 N/m) cantilevers were used.  The adhesion 
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data from at least 30 force curves were analyzed for every tip (Five Si3N4 cantilevers 
were used). 
The experiments were repeated after 24 hours with the same AFM tip exposed to 
dodecanol for the duration.  The results show an increase in the number of observed 
repulsive pull-offs from 50% to 95%.  This was done for all 5 cantilevers.  This result, 
with the water content lowered to 66 ppm by volume, provides the clearest indication that 
it is the presence of water in dodecanol which gives rise to the positive adhesion force 
with Si3N4 tips.  A possible physical mechanism is described below in Section 5.9.  Prior 
to this we list, for completeness, the other three drying methods explored.  None of these 
three methods dried dodecanol as good as the boiling technique, and the resulting AFM 
force curves showed no significant differences from the as-purchased liquid. 
5.8.2 Molecular Sieve 
In several publications[2, 36, 269], it was mentioned that molecular sieves (typically 4Å 
mean pore diameter) were used to further purify as-purchased chemicals, specifically to 
remove contaminants such as water.  In our study, 3Å molecular sieves were used.  The 
molecular sieves were activated by heating in an oven at 180°C overnight prior to use.  
The dodecanol was then passed through the sieves and stored in separate sample bottles 
with additional sieve added and sealed under argon.  The liquid was extracted using a 
fresh syringe mounted with a 20µm pore size syringe filter and placed in the AFM liquid 
cell.  The force curves obtained were not significantly different from the results obtained 
for dodecanol used as-purchased.  Analysis of the samples (KF titrator) yielded water 
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content levels similar to those obtained for as purchased dodecanol, approximately 
160ppm by volume. 
5.8.3 Freeze-thaw Method 
The dodecanol freezing point is close to room temperature (~ 24°C) and a freeze-thaw 
method was attempted to remove the water.  The liquid was placed in glass test tubes and 
attached to a vacuum system (base pressure 10-6 torr).  The liquid sample was pumped for 
a few seconds to remove the bulk of the atmospheric gases.  The vacuum valve was then 
closed and the test tube volume allowed to equilibrate to the vapor pressure of the 
dodecanol.  The pumping procedure was repeated several times.  The temperature of the 
sample was then reduced by dipping the test tube in liquid nitrogen.  After the 
solidification of the sample, the sample was placed under reduced pressure by opening 
the vacuum valve slightly and allowed to thaw.  The method relies on the more volatile 
components (e.g. dissolved gases, water) subliming before the major component of the 
sample (e.g. dodecanol).  This process was repeated over several cycles to produce the 
sample used in experiments. 
The force curves measured were essentially similar to those measured in as-purchased 
dodecanol in terms of the magnitude of the forces and the number of force curves 
showing positive adhesion (~80%).  Analysis of the water content (KF titrator) showed 
that the water quantity had decreased to ~110 ppm by volume, i.e. a 30% decrease from 
the as-purchased sample. 
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5.8.4 Chemical Method – Sodium Sulphate 
A chemical method was also explored, namely to add sodium sulphate (Na2SO4) to the 
dodecanol to react with the water present.  This proposal was based on the reaction of 
anhydrous Na2SO4 with water to yield a salt as shown below: 
Na2SO4 + 10H2O → Na2SO4.10H2O      (5.4) 
Calculations showed that 10ml of dodecanol added with 0.3g of Na2SO4 would remove 
water in excess of 600mg.  Given that dodecanol as purchased contained 5.5mg of water 
in 10ml of dodecanol, this suggests a possibility of removing 100% of the water.  To test 
this proposal, 2g of Na2SO4 was added to 15ml of dodecanol and the sample stirred 
overnight using a magnetic stirrer.  KF titration analysis showed a reduction of only 20% 
at best for the samples prepared and AFM force curves still showed repulsive adhesion 
force in ~75%  of the data. 
5.9 Discussion of Repulsive Adhesion Force 
In the experiments conducted, water has been found to play a critical role in the type of 
pull-off (adhesion) force observed.  In the hexadecane experiments, the addition of water 
or ethanol to the sample resulted in repulsive pull-off forces.  Similarly, the removal of 
more water from dodecanol led to a mix of both negative and repulsive pull-off forces, 
i.e. the number of force curves showing positive adhesion decreased.  Repulsive adhesion 
forces were also observed in other alcohols (octanol and ethanol).  The tip material also 
played a role, as summarized in Table 5.4.  Gold coated tips always exhibited negative 
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adhesion, whereas Si3N4 surfaces tended to show strongly repulsive adhesion values.  The 
results on Si are inconclusive as the stiff cantilevers used resulted in the measured 
adhesion always being near ~0nN.  The Al coated tips showed a mixture of negative and 
positive adhesion, with the significant observation of an increasing percentage of positive 
adhesion values over time. 
Cantilever Stiffness 
(N/m) 
Lever / Coating Typical Adhesion Force 
0.38 Bare Si3N4 Positive 
0.76 Bare Si3N4 Positive 
5 Bare Si ~0 
50 Bare Si ~0 
0.38 Au-coated Si3N4 Negative 
0.76 Au-coated  Si3N4 Negative 
5 Au-coated Si Negative 
50 Au-coated Si Negative 
0.38 Al-coated Si3N4 Increasing percentage of positive over 
time 
0.76 Al-coated Si3N4 Increasing percentage of positive over 
time 
Table 5.4 Summary of effects of tip coating on the adhesion force in dodecanol 
 
Calculations show that the Hamaker constant is always positive in our experiments, and 
hence the pure van der Waals adhesion should always be negative.  Finally, conducting 
AFM and imaging experiments showed conclusively that the tip was in mechanical 
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contact with the HOPG substrate for applied forces ≥ 5 nN, i.e. all the organic liquid is 
removed from the tip-sample gap before the measurement of the adhesion force. 
The mechanism which best explains all the data is that water (or ions) in solution is 
preferentially adsorbed onto the surface of the tip when the tip surface contains 
hydrophilic groups.  In our case the hydrophilic surface groups are strongly H-bonding 
hydroxyl (OH) groups because all the tips showing positive adhesion have oxide surfaces 
(SiO2, Al2O3, SiOH).  When water binds strongly to a surface, repulsive hydration forces 
occur[1].  Hydration forces are usually studied in aqueous solutions and it is found that an 
exponential (with distance) repulsive force occurs at very small separations between glass 
and silica surfaces[9] (See Figure 5.16).  In the presence of a hydration force, the short 
range (5 Å – 10 Å) surface forces do not show the expected attractive van der Waals 
force[1]. 




Figure 5.16 The normalized force F/R measured between SiO2 surfaces immersed in aqueous solutions.  
Taken from Ref. [9]. 
 
We believe our results also show this phenomenon (large repulsive force at very short 
separation).  Trace water is attracted to and hydrogen bonds to the surface charge present 
on the oxide covered tips.  Clearly the bonding is sufficiently strong that we cannot 
remove (dehydrate) the bound water (or ions) on applying a high tip-sample pressure.  
Thus the force appears repulsive on removal of the external load.  The origin of the 
repulsive hydration force is controversial but we believe in our case, because there is no 
bulk water present, the repulsion stems from image charge interactions[1]. 
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Note that ions may also be present in the water and hydrated cations can also bind to the 
negatively charged OH- groups of an oxide covered tip.   The bound cations would also 
give a repulsive hydration force.[1] 
We now discuss the finer details within our hypothesis.  Firstly, the fact that we can 
image the HOPG surface does not negate our hypothesis.  Only a fraction of the tip 
surface may be covered with water molecules because the Si3N4 surface charge density is 
only ~ 1 charge per square nanometer (see below).  Also, the water molecule is very 
small and we do not expect its presence to strongly influence the image topography. 
The reason alcohols show such a strong effect is associated with their polar head group, 
which can provide H-bonding with water.  This enables water to be present throughout 
the liquid, even within the confined tip-sample volume, and to be readily available to 
interact with the tip surface.  In contrast, the solubility of water in hexadecane is low and 
we postulate that unless the liquid is totally saturated there is insufficient water 
concentration present in the tip-sample gap to continuously hydrate the tip surface. 
It is also interesting to note that small polar molecules, such as ethanol and methanol, 
should mimic the effect of H-bonding of water to the tip to some degree.  This is indeed 
observed.  Table 5.5 shows the effect of adding different volumes of ethanol to 
hexadecane.  The general trend is that increasing amounts of ethanol change the adhesion 
from always negative in pure hexadecane to almost 100% occurrence of positive 
adhesion in 3% ethanol by volume. 






Tip 1 Tip 2 
0% vol 0% 0% 
1% vol 61.5% 16.7% 
2% vol 46% 78.6% 
3% vol 91% 100% 
4% vol 92% - 
Table 5.5 Tabulation of the % of force curves showing positive adhesion for ethanol added to Hexadecane.  
Two Si3N4 tips (kc = 0.38 N/m) were used. 
 
This is not entirely conclusive because the volumes of ethanol used are relatively high 
and the liquid is more correctly a mixture, not hexadecane “contaminated” with trace 
ethanol.  Nevertheless, the data is suggestive that small polar molecules present as 
contaminants in a liquid may also cause variation in measured adhesion values. 
The dependence of the adhesion on tip material can also be explained within the 
hypothesis.  Gold is conducting with no surface charge and hence water will not strongly 
adsorb.  Al and Si materials readily form surface oxides on exposure to ambient.  Surface 
charge is mainly in the form of hydroxyl groups (OH-) and water may react with the 
surfaces and change the local structure and chemistry[270].  The number of defect and 
surface charge sites increases as oxidation proceeds, and this is why we see an increasing 
occurrence with time of positive adhesion for the Al tip.   
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The Si3N4 tips also present a hydroxylated surface because the Si3N4 surface is oxidized.  
On exposure to ambient conditions, Si3N4 forms a SiO2 interface via the following 
reaction[271] via the following reaction: 
Si3N4 + 3O2 → 3SiO2 + 2N2       (5.5) 
The surface actually grades over ~ 1nm from an external SiO2 surface to pure Si3N4 in the 
bulk.  For example, work by Senden and Drummond[10] used ADXPS (Angle-dependent 
X-ray photoelectron spectroscopy) to analyze native and water plasma treated LPCVD 
silicon nitride (Figure 5.17).  The results suggest that both silanol and silylamine groups 
are present on the native LPCVD silicon nitride surface, to a depth of ~ 5Å. 
 
Figure 5.17 ADXPS-derived data from Ref. [10]. 




Thus, the Si3N4 tips will also be hydrolyzed in aqueous solutions.  Infrared measurements 
have shown that the oxidized Si3N4 surface contains mainly silanol (Si-OH) and base 
silazane (Si2-NH) and silylamine (Si-NH2), with the latter material at low surface 
concentration [272-274].  It is found that the surface charging is principally caused by 
interactions of H+[266], that is 
 SiOH    ↔ SiO- + H+       (5.6) 
present on surface the aqueous reaction 
In aqueous media, the oxide surfaces not only interact with water, but also with any 
soluble ions within the system.  The surface charge density for Si3N4 is about ~1 charge 
per nm2 over most values of pH[266]. 
To summarize, the tips showing evidence of positive adhesion behavior all have a large 
surface concentration of hydroxyl groups present.  In the presence of water we can think 
of such charged surfaces as providing binding sites for H+ or OH-[266].  The reason all 
these tips have hydroxyl groups is that the surface material is an oxide.  The tip material 
is always exposed to ambient (air, vapors, water, etc.) and will hence oxidize, e.g. For Si, 
the base surfaces termination (Si-O-Si) converts principally to silanol (Si-OH) in the 
presence of water; The Al2O3 surface readily reacts with water and will be oxygen 
terminated and subsequently stabilized by hydroxylation, i.e. OH-[270]; and for Si3N4 the 
reaction follows Equation 5.6. 




Clearly it is important to account for, or at least consider, the presence of trace amounts 
of water in liquids when undertaking AFM force curve measurements.  One could 
postulate that other trace contaminants in a liquid, particularly polar molecules such as 
small chain alcohols, may affect force measurements and warrant further investigation for 
the specific tip-liquid-surface under study. 
Unfortunately, it is very difficult to quantify the effect of water content.  Most literature, 
including AFM studies, deal with aqueous or liquid mixtures (i.e. large % volume of 
water), not trace levels as in our study.  Furthermore the exact geometry and chemical 
nature of the apex of the AFM tip is extremely difficult to quantify.  
Nevertheless, significant qualitative statements can be made.  In our study of solvation 
layers near HOPG, we find that trace amounts of water in a liquid does not destroy the 
layering, even at high % volume of added water.  However, the layering is significantly 
disrupted by adding water, which causes a decrease both in the number of solvation 
layers observed and in the magnitude of the oscillating force.   
Another effect of trace water is to cause a repulsive adhesive force (i.e. “positive 
adhesion”) for the tip in contact with the HOPG substrate.  This effect was most 
pronounced for the alcohols, which can readily solvate water, but was also observed 
when water or ethanol was added to an alkane (hexadecane).  We propose that the 
positive adhesion observed is the result of a repulsive hydration force (see Section 5.9 for 
a detailed argument).  A notable observation was the influence of the tip material.  Oxide 
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covered tips (Si3N4, Al coated tip) showed positive adhesion because the charged 
hydroxyl groups on their surface readily hydrate water.  In contrast, inert, conducting Au 
tips always show negative adhesion as expected for a purely van der Waals interaction.  
This suggests that for AFM adhesion measurements in liquid it may be best to avoid 
using tip materials which can oxidize or contain surface charge (Si3N4, Si, metal coatings 
which oxidize) because the resulting pull-off force curve may be entirely misleading.  Au 
or Pt coated tips should be used to circumvent this problem, although this conjecture 
would need to be fully tested using the protocols established in Chemical Force 
Microscopy[7]. 
Finally, although much of our discussion has described the problems of the positive 
adhesion force in relation to accurate force curve measurement, there may be a possible 
application in friction reduction.  A singular problem in microfabricated machines (or 
“MEMS” devices) is that friction and adhesion forces are high.  This means that it is very 
difficult to manufacture a micro-scale machine with moving parts.  However, we have 
found that repulsive adhesive forces can be generated on oxide surfaces in the presence of 
trace water or alcohols.  Almost all materials used in MEMS fabrication (Si, Si3N4, poly-
Si, Cu, Al, etc.) have a surface oxide.  Thus a combination of MEMS structures having 
point contacts interacting within an environment having trace quantities of water or 
alcohol could result in repulsive adhesion at the point contacts.  This may result in low 
friction and/or low adhesion MEMS devices.  Indeed, one recent study[275] has shown 
very low friction and wear for the sliding of Si surfaces in a low vapor pressure of n-
pentanol.  The underlying reason could be the existence of a repulsive hydration force.  
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This would be a very fruitful topic for further research, with strong potential application 
in MEMS.   
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Chapter Six:  Conclusions and Outlook 
In this work, we have used the AFM to explore some fundamental issues of solvation 
forces, principally the effect of temperature, tip shape and trace amounts of water in the 
liquid. 
In the first experimental section (Chapter 4), AFM has been used to study the effect of 
temperature on solvation forces in the liquids OMCTS, n-hexadecane, and n-dodecanol 
confined between the AFM tip and a graphite surface.  Discrete solvation layers can be 
observed for all three liquids at all the temperatures measured (298K to 348K).  However, 
with increasing temperature there is a significant decrease in the magnitude of the 
measured solvation forces and a reduction in the number of solvation oscillations which 
can be observed.  Since solvation forces are only weakly temperature dependent, the 
strong temperature effect we observe is not related to the fundamental behavior of the 
solvation force, but indicates we are measuring how the layers are squeezed from the tip-
sample gap.  The important point is that squeeze out (or rupture) of the solvation layers is 
a process.  The squeeze out process is a thermally activated phenomena and gives rise to 
the large change in the magnitude of the force oscillations with temperature.  
Another significant result was the finding that the normalized solvation force data, F/Rtip, 
differ between AFM tips of different radius of curvature (Rtip = 15nm to 100nm) with a 
clear trend of decreasing F/Rtip with increasing Rtip [248].  Hence, the Derjaguin 
Approximation must be used with care to obtain the surface free energy when used in 
AFM experiments.  A next experiment would be to measure the exact tip shape at sub-
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nanometer scales using blind reconstruction[218] and relate the detailed tip topography to 
the measured forces. 
In the second experimental section (Chapter 5), AFM has been used to study the effect of 
trace water on solvation forces in the liquids OMCTS, n-hexadecane, and n-dodecanol 
confined between the AFM tip and a graphite surface.  We find that trace amounts of 
water in a liquid does not destroy the layering, even at high % volume of added water.  
However, the layering is significantly disrupted by adding water, which causes a decrease 
both in the number of solvation layers observed and in the magnitude of the oscillating 
force.  A noticeable effect of trace water is to cause a repulsive adhesive force (i.e. 
“positive adhesion”) for the tip in contact with the HOPG substrate.  This effect was most 
pronounced for the alcohols, which can readily solvate water, but was also observed 
when water or ethanol was added to an alkane (hexadecane).  We hypothesize that the 
underlying reason for the phenomena is the existence of a repulsive hydration force 
which arises because water can hydrate onto oxide covered AFM tips due to the presence 
of surface hydroxyl groups. 
The work presented in this Thesis shows that various factors such as temperature, tip 
shape, and the presence of trace water can have significant effect on solvation forces and 
squeeze-out behavior of confined materials. For future research, non-contact AFM 
methods, which are more sensitive than static (DC) AFM to small variations in force, 
could be used to further investigate the issue of the temperature dependence of solvation 
forces, the relation to monolayer melting of linear alkanes on HOPG, and the material 
state of the confined liquid.  Non-contact AFM also enables the adhesive minima of the 
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solvation layers to be measured because the cantilevers are stiff and do not exhibit “snap-
in”.  The possibility of observing changes in the force due to a monolayer melting is 
tantalizing but at present there is not enough evidence to advance ideas further than pure 
speculation.  A related, key experiment is clearly to measure the changes in solvation 
force as a function of the loading rate at various temperatures.  This will enable critical 
comparison to be made with the theoretical models developed for rate dependent, 
thermally activated processes.  A major experimental difficulty will remain, however, and 
that is attempting to remove trace impurities in the liquids.   
The viscosity of liquids, which is strongly temperature dependent, is another possible 
topic of study using non-contact AFM methods.  The viscosity of confined liquids near a 
solid-liquid interface can increase by orders of magnitude above the bulk value, even 
when one of the surfaces is a nanoscale AFM tip[203].  Essentially the liquid begins to 
exhibit more “solid-like” behavior on confinement.  The effect of temperature on the 
viscosity of confined fluids is not known and would provide invaluable insight into the 
state (i.e. liquid, glassy or solid) of the material.  Such measurements of local viscosity 
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Appendix A:  Tables of temperature dependent data.   
The following Tables show collated data for sets of experiments undertaken with Si3N4 
tips in OMCTS, hexadecane and dodecanol.   
Temperature (oC)  Fn/Rtip (n=1) Fn/Rtip (n=2) Comment  
    
Rtip = 20 nm    
25 64 ± 10 25 ± 5  
35 55 ± 11 20 ± 7  
45 65 ± 14 26 ± 4  Only 2 curves.  
55  44 ± 12  22 ± 7   
    
Rtip = 40 nm    
25 57 ± 16  16 ± 4  Only 2 curves.  
35 55 ± 10  12 ± 7  Only 2 curves  
45  45 ± 11  11 ±3   
55 32 ± 9  9 ±4  4 curves  
    
Rtip = 60 nm    
25  34 ± 6  10 ± 4   
55 44 ± 5  6 ± 2  3 curves  
    
Rtip = 80 nm     
25 44 ± 11  15 ± 13   
35 32 ± 6  5 ± 2  3 curves  
Table A1.1 Data for OMCTS taken with four different tips and temperatures from 25oC to 55oC.  Data is 
shown for the first two solvation layers n=1 and n=2.  Fn/Rtip is the difference between the adhesive 





Temperature (oC)  Fmax /Rtip 
(n=1) 
Fmax /Rtip (n=2) Fmax /Rtip (n=3) Comment  
     
Rtip = 15 nm     
25 154 ± 30 59 ± 25 13 ± 2  
75 79 ± 22 13 ± 5 6 ± 3  
     
Rtip = 30 nm     
25 179 ± 10 81 ± 19 37 ± 16  
45 104 ± 8 40 ± 8  11 ± 5  
70  84 ± 17 23 ± 6 11 ± 5 Only 3 curves  
80 56 ± 21  20 ± 7 8 ± 4  
     
Rtip = 36 nm    This data set shows very  
25 ºC 75 ± 9  25 ± 8 8 ± 3   low F/R values.   
75 ºC 32 ± 5 4 ± 2 1 ± 2  
     
Rtip = 45 nm      
25 128  53 ± 16  16 ± 4 Only 2 curves.   
45 95 ± 7 36 ± 21 10 ± 7  
75 31 ± 5 10 ± 11  3 curves  
     
Rtip = 50 nm     
25 123 ± 26 41 ± 17 12 ± 1  
45 65 ± 7 16 ± 5  4 ± 2 4 curves  




Temperature (oC)  Fmax /Rtip 
(n=1) 
Fmax /Rtip (n=2) Fmax /Rtip (n=3) Comment  
Rtip = 52 nm      
25  74 7 Only 1 curve !  
45 61 ± 10 31 ± 19 8 ± 5  
75 17 ± 1 5 ± 1 4 ± 1  3 curves  
     
Rtip = 55 nm     
25 78 ± 13 30 ± 6 9 ± 3 3 curves  
45 61 ± 9 11 ± 2 2 ± 1  
75 23 ± 9 3 ± 1 1 ± 1  
     
Rtip = 80 nm     
25 55 ± 2 19 ± 6 5 ± 3  
75  26 9  3.5  2 curves 
     
 
Table A1.2.  Summary of data for hexadecane taken with eight different tips and temperatures 
from 25oC to 80oC.  Data is shown for the first three solvation layers n=1,2 and 3.  Fmax/Rtip is the 












Table A1.3.  Summary of 2007 data for the forces measured in dodecanol taken with six different 
tips.  The  temperature ranges from 25oC to 75oC and data is shown for the first three solvation 
layers n=1,2 and 3.  Fn is the difference between the adhesive minimum (Fads) and the maximum 
force (Fmax) measured within a solvation layer.  Fadh is the adhesive force between the tip and the 
HOPG surface with no intervening liquid layers.  For plotting all the force data will be 




Temperature Fmax(n=1) Fmax(n=2) Fmax(n=3) F adh Fadh(n=1) Fadh(n=2) Fadh(n=3) Fn (n=1) Fn (n=2) Fn (n=3) 
oC  
nN nN nN nN nN nN nN nN nN nN 
1 Rtip= 20nm 
          
25 5.28±.92 2.36±.46 1.45±.4 2.16±.7 1.15±.52 0.69±.32 0.42±.24 4.33±.79 1.66±.49 1.03±.31 
45 5.72±2.0 1.81±.77 0.46±.18 1.72±1.34 0.29±.36 0.01±.15 -0.15±.1 5.64±2.1 1.78±.8 0.61±.2 
75 
 1.06±.43 0.57±.32 1.02±2.15 0.30±.21 -.18±.25 -.22±.21  1.24±.59 0.79±.45 
25 5.83±1.46 2.12±.42 1.26±.24 1.79±.51 1.31±.41 0.84±.25 0.54±.21 4.54±1.29 1.29±.38 0.72±.29 
2 Rtip= 20nm           
25 6.92±1.77 3.24±.71 1.60±.44 0.49±1.18 0.35±1.05 0.19±.47 0.13±.24 7.21±2.36 3.05±1.11 1.46±.55 
45 5.58±1.15 2.80±.61 0.75±.19 1.64±.8 0.49±.23 0.33±.31 -.06±.14 5.10±1.14 2.61±.49 0.80±.19 
75 2.13±.87 1.23±.49 0.85±.33 0.50±.14 0.14±.23 0.10±.23 0.02±.25 1.77±.78 1.12±.39 0.83±.27 
25 7.62±2.0 2.61±.75 1.34±.17 1.71±.83 1.36±.53 0.88±.19 0.43±.11 6.36±2.11 1.73±.78 0.91±.12 
3 Rtip= 23nm           
25 5.66±.78 2.77±.97 1.62±.31 1.60±1.12 1.28±.72 0.76±.31 0.32±.11 5.10±1.16 2.02±.97 1.30±.34 
45 4.88±1.97 2.23±.34 0.70±.18 0.80±.52 0.44±.7 0.25±.37 0.07±.22 4.88±2.03 2.00±.56 0.63±.18 
75 0.94 0.83±.19 0.62±.19 -0.24 -0.14±.47 0.02±.13 -.04±.12 0.78 0.81±.36 0.67±.26 
4 Rtip= 25nm           
25 6.14±1.46 2.77±.29 1.80±.14 1.69±.4 0.97±.34 0.43±.22 0.26±.29 5.26±1.59 2.34±.49 1.54±.3 
45 6.13±1.27 2.72±.34 0.75±.21 1.38±.68 0.08±.49 0.07±.31 0.05±.17 6.07±1.19 2.65±.48 0.70±.24 
5 Rtip= 29nm           
25 5.61±1.29 2.20±.7 1.30±.56 1.00±.76 0.37±.46 0.28±.18 0.17±.14 5.38±1.58 1.93±.77 1.12±.52 
45 4.94±.74 2.48±.39 0.56±.1 0.46±.28 0.24±.4 0.14±.14 0.06±.09 4.67±1.07 2.30±.4 0.50±.12 
75 3.13±1.0 0.93±.18 0.60±.16 1.34±.33 0.40±.17 0.20±.15 0.00±.05 2.79±1.11 0.72±.18 0.60±.18 
25 5.77±.6 2.80±.68 1.18±.35 0.18±.86 0.35±.52 0.31±.3 0.25±.13 5.65±1.0 2.47±.78 0.90±.4 
6 Rtip= 41nm           
25 4.87±1.23 2.65±.61 1.34±.45 1.35±1.08 1.04±.82 0.53±.24 0.36±.17 4.40±1.45 2.14±.6 1.00±.36 
45 4.26±.71 1.87±.36 0.46±.09 0.50±.87 0.04±.32 0.14±.12 0.05±.08 4.28±.85 1.77±.4 0.41±.1 
75 
 1.71±.5 0.42±.37 -2.96±.78 -1.79±.89  -.36±.02   0.31±.06 
25 4.76±.35 3.12±.3 2.04±.7 -2.03±.27 -1.78±.3 -1.7±.22 -1.44±.3 6.66±.5 4.83±.29 3.67±.68 
